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EXECUTIVE SUMMARY

In 1994, a Technicad Working Group under the auspices of the T-15 Technicd
Committee on Substructures and Walls of the American Association of State Highway
and Trangportation Officias (AASHTO) Bridge Subcommittee, was formed to reevaluate
the design specifications for mechanicdly dabilized eath (MSE) wadls contained in the
AASHTO Standard Specifications for Highway Bridges (1996). One of the areas of
focus was the internd gability design of MSE wadls. Severd methods for caculating the
backfill reinforcement loads were avalable a that time in the AASHTO Sandard
Specifications, and the intent was to unify the desgn methods to smplify and darify the
gpecifications. To accomplish this, full-scde MSE wall case higtory data were gathered
and analyzed s0 that the unified method developed could be cdibrated to the empirica
data snce dl of the mehods avalable were empiricadl in naure.  The effect of
amplifications in the method, such as how vertica soil stresses are calculated and how
reinforcement tiffness is conddered in the design, could dso be evauated with these
ful-scae wal data to ensure that the unified method developed was adequately accurate.
From this effort, the AASHTO Simplified Method was devel oped.

This paper summarizes the development of the Smplified Method. It uses a number
of ful-scde MSE wadl case higories to compare the prediction accurecy of the
Smplified Method to that of the other methods currently avalable and focuses primarily
on ded reinfforced MSE wals  The theoreticd assumptions used by the Simplified
Method, as well as the other methods, are dso evauated and compared in light of the
empiricd evidencee.  This evaduation showed that the prediction accuracy of the
Smplified Method is a least as good as that of the other methods, while the Smplified
Method ill amplifies caculations. This evauation aso showed, however, that dl of the
methods have limitations that must be considered.






THE PROBLEM

In 1994, a Technicad Working Group (TWG) under the auspices of the T-15
Technicadl Committee on Subgtructures and Walls of the American Associgtion of State
Highway and Trangportation Officids (AASHTO) Bridge Subcommittee, was formed to
reevduae the desgn gpecfications for mechanicaly dabilized eath (MSE) wals
contained in the AASHTO Standard Specifications for Highway Bridges (1996). A
number of date trangportation depatments were having difficulty evaluating a rapidly
increasing variety of new propritary MSE wall systems because of a the lack of adequate
technical guidance in the AASHTO design code a that time, especidly as some of the
wal sysems did not seem to agree with the technica code requirements. The need to
update the design specifications increased as a result of recommendations provided by
Christopher et d. (1990), which documented the results of a mgor FHWA project to
evduae this very issue. This sudy provided a new gpproach to designing the internd
dability of MSE wals utilizing the globd dHiffness of the soil reinforcements to edimate
the reinforcement loads. At tha time, and up through the 1996 AASHTO specifications,
the tieback wedge or Coherent Gravity approaches were used to estimate stresses in MSE
wdls, with some variation to account for different reinforcement types (Mitchdl and
Villet, 1987, Berg e d., 1998), athough the FHWA Structure Stiffness Method was
added to the AASHTO Standard Specifications in 1994 as an acceptable dterndive
method.

The AASHTO Bridge T-15 Technicd Committee wanted to incorporate the new
developments in the internad dress desgn of MSE wadls with the previous technology
and to adapt the design code requirements to the new MSE wall systems. Accomplishing
this required the involvement of the mgor MSE wal suppliers, as wel as nationd
technica experts on MSE wal desgn. Concurrent to the AASHTO effort, the FHWA
developed a training manua for the design of MSE wals and reinforced dopes Elias and
Christopher, 1997). Resources were combined to address the needs of both AASHTO
and the FHWA to produce a consstent design protocol for MSE wall design. One of the
key aeas of controversy to be resolved was the caculation of interna reinforcement

dresses.  Data from full-scde MSE wadl case histories were gathered and anadlyzed for



this combined effort to evduae exiging methods of cdculaing reinforcement Stresses
and to modify or develop a new combined gpproach to estimating reinforcement stresses.
This resulted in the Smplified Method provided in the current AASHTO Standard
Specifications for Highway Bridges (1999).

This pagper summarizes the development history and basis for the Simplified Method.
It also discusses a comparison of the method to other methods found in US design codes
and guidelines. The cae higory data used to develop the Simplified Method include
wal geometry, materid properties, reinforcement details, condruction detals, and
measured reinforcement loads. The primary focus of this paper is on ded reinforced
MSE wadls with granular backfills.  Though the Simplified Method does include the
desgn of geosynthetic reinforced systems, only generd agpects of geosynthetic wal
desgn udng the Smplified Method will be addressed to keep the scope of the paper
managesble.



BACKGROUND ON INTERNAL STABILITY DESIGN METHODS

The three primary methods exigting in design codes and guidelines a the time of the
devdopment of the Smplified Method included the Coherent Gravity Method
(AASHTO, 1996), the Tieback Wedge Method (AASHTO, 1996), and the FHWA
Structure Stiffness Method (Christopher et d., 1990). These three empiricd methods
were the focus of the TWG and FHWA efforts.  The differences in the predictions from
these methods are the result of both differences in the case studies used to develop each
method and differences in the assumptions for each method. All three methods dso use
limit equilibrium concepts to develop the desgn mode but working stress observations to
adjus the models to fit what has been obsarved in full-scae dructures. Smadl-scae
gravity and centrifuge modds taken to falure have been used to evauae desgn modes
a true limit equilibrium conditions (Juran and Schlosser, 1978; Adib, 1988; Christopher,
1993).

COHERENT GRAVITY METHOD

This method was origindly developed by Juran and Schlosser (1978), Schlosser
(1978), and Schlosser and Segrestin (1979) to estimate reinforcement stresses for sted
strip reinforced precast panel-faced MSE wals. They utilized the concepts developed by
Meyerhof (1953) to determine the vertical pressure benesth an eccentricaly loaded

concrete footing. Meyerhof’s approach was applied to the reinforced soil mass a each
reinforcement level and the wal base by assuming tha the reinforced soil mass behaves
as arigid body, dlowing the laterd load acting at the back of the reinforced soil zone to
increase the vertica dress by overturning the moment to greater than gZ. The laterd
sress carried by the reinforcement was determined by applying to the vertical dress a
laterd earth pressure coefficient caculated from the soil friction angle. The dress carried
by each reinforcement was assumed to be equd to the laterd soil stress over the tributary
area for each reinforcement. This was based on the assumption that the reinforcement
fully supports the near verticd face of thewadll, that it is, in essence, atieback.

This laterd earth pressure coefficient was assumed to be K, at the top of the wall,
decreasing to K, at a depth of 6 m below the wall top. K, conditions were assumed at the



wall top because of potentia locked-in-compaction stresses, as well as the presence of
laterd regraint from the reatively giff reinforcement materia, which was assumed to
prevent active sress conditions from developing.  With depth below the wal top, the
method assumes that these locked-in-compaction dtresses are overcome by the
overburden dress, and deformations become great enough to mobilize active dress
conditions. These assumptions were verified & the time, a least observationdly, on the
bass of measurements from full-scae wadls, as shown in Figure 1. All wadls were sed
grip reinforced with precast concrete facing pands (Schlosser, 1978). The data in Fgure
1 are presented as a K/K, rdio, and from this, as wel as the theoretical concepts
mentioned above, Schlosser (1978) concluded that K, and K, could be used directly as
lateral earth pressure coefficients for the design of MSE walls. Note, however, that the
equation typicaly used to cdculate K, was derived for normaly consolidated soils, and
compaction would tend to make the soil behave asif it were overconsolidated.

The desgn methodology is summarized in equaions 1 through 6, and figures 2 and
3. Other MSE wall systems such as bar mat reinforced walls (Nedly, 1993) and geogrid
reinforced walls (from 1983 to 1987) (Netlon, 1983) adopted this design methodology.
Wedded wire MSE wadl systems initidly used a pseudo tieback-wedge method (Mitchell
and Villet, 1987; Anderson et d., 1987). Welded wire MSE wal systems typicdly used
a higher laterd dress than the Coherent Gravity model based on full-scde ingrumented
gructures (Mitchell and Villet, 1987). However, once AASHTO adopted the Coherent
Gravity modd without diginction for reinforcement type, the welded wire wal systems
shifted to that methodology.

Too = SR(S, K, ) (D

SV:V1+V2+FTsjnb )
L-2e

. F.(cosb)h/3- F,(snb)L/2- V,(L/6) 3

V,+V, +F. 9nb



K, =1- snf @)

K, =Tan*(45- f /2) (5)
H,=H + Tanb” 0.3H ©)
1- 0.3Tanb

where Thax IS the pesk reinforcement load a each reinforcement leve, S, is verticd
goacing of the reinforcement, R; is the reinforcement coverage ratio (reinforcement unit
width/horizontal spacing of reinforcements), sy is the veticd dress a each
reinforcement level as determined from equations 2 and 3, K, varies from K, to K, based
on the reinforcement zone soil properties as shown in Figure 3 (K, is determined by
assuming a horizontad backdope and no wal friction in dl cases), f is the renforced

backfill pesk soil friction angle, e is the resultant force eccentricity, and dl other
variables are as shown in Figure 2.
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Figure 1. Variation of K,/K 4 for sted strip reinforced walls (adopted from Schlosser,
1978).
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TIEBACK WEDGE METHOD

Originally developed by Bdl et d. (1975) and the US Forest Service (Steward et d.,
1977), the Tieback Wedge Method has been applied to geosynthetic walls and welded
wire sysems. This method was developed as an adaptation of the earliest work done by
Lee et d. (1973), which summarized the bass for sted dtrip reinforced MSE wadl design.
Reduced scde laboratory model walls (Bell et d., 1975) were used to attempt to verify
the validity of the model developed by Lee et d., (1973), and some early atempts were
made to verify desgn assumptions using full-scde wals (Steward et d., 1977; Bdl et 4.,
1983).

In the Tieback Wedge Method, the wal is assumed for internal design to be flexible,
Therefore, the laterdl soil stresses behind the wall reinforcement have no influence on the
vertical dresses within the reinforced wal zone, and verticd dress within the wdl is
amply equa to gZ. Because this has manly been applied to extensble geosynthetic

reinforcement, the method assumes that enough deformation occurs to dlow an active
date of sress to develop. Hence, the latera earth pressure coefficient, Ky, is used to
convert verticd dress to laerd dress. Though initidly Ko, was recommended for use
with these wdls (Bdl et d., 1975), Bel et d. (1983) found thet this was likely to be too
consarveive given full-scale wall performance, and K, was recommended ingtead. K; is
determined by assuming a horizontal backdope and no wadl friction in dl cases given an
active zone defined by the Rankine falure plane.

Tmax 1S determined as shown in Equation 7:

T =SRK.(@Z+S+q) )

where g is the soil unit weight, Z is the depth to the reinforcement leve rddive to the
wall top at the wal face, S is the average soil surcharge depth above the wall top, q is the
vertical stress dueto traffic surcharge, and dl other variables are as defined previoudly.

As is true in the Coherent Gravity Method, each reinforcement layer is designed to
ress the laterd dress within its tributary area, tregting the reinforcement layer as a
tieback.



FHWA STRUCTURE STIFFNESSMETHOD
The Structure Stiffness Method was developed as the result of a mgor FHWA
research project in which a number of full-scde MSE wals were consgtructed and

monitored. Combined with an extensve review of previous fully insrumented wal case
histories (Christopher et d., 1990; Christopher, 1993), small-scde and full-scae mode
walls were condructed and analyticd modding was conducted (Adib, 1988). This
method is smilar to the Tieback Wedge Method, but the lateral earth pressure coefficient
is determined as a function of depth beow the wal top, renforcement type, and globd
wdl diffness, rather than uang K, directly. Furthermore, the location of the falure
aurface is the same as is used for the Coherent Gravity Method (Figure 3) for MSE walls
with inextensble soil reinforcement. It is a Rankine falure surface for MSE wadls with
extendble soil reinforcement. The design methodology is summarized in equations 8, 9,
and 10. Note that because the reinforcement stress, and the strength required to handle

that dress, varies with the globd wall diffness, some iteration may be necessary to match
the reinforcement to the calculated stresses.

T =SRK,(gZ +S+q) (8)
Z0 .
- —=+W,—= f ZE

g g * 47880 + 65 om (%)

K, = KW, if Z>6m (9b)
EA

- 10

S =) (10)

where K, is the laterd earth pressure coefficient, S is the globa renforcement diffness
for the wal (i.e, the average reinforcement giffness over the wdl face ared), W, is a

dimensonless coefficient equa to 1.0 for drip and sheet reinforcements or equa to 1.5



for grids and welded wire mats, W, is a dimensonless coefficient equal to 1.0 if § isles
than or equa to 47880 kPa or equal to Wi if S is greater than 47880 kPa, EA is the
reinforcement modulus times the reinforcement area in units of force per unit width of
wadl, H/n is the average vertica spacing of the reinforcement, and n is the total number of
renforcement layers  This diffness agpproach was based on numerous full-scae
obsarvations that indicated that a strong reationship between reinforcement giffness and
renforcement dress leves exiged, and it was theordticdly verified through mode tests
and numerical modding.

DEVELOPMENT OF THE SMPLIFIED METHOD
The development of the Smplified Method was an atempt to combine the best and
amplest features of the various methods that were dlowed by the AASHTO Standard

Specifications together into one method. For example, one desre was to somehow

account for the differences among the various reinforcement types and ther typicd
globd diffnesses, yet smplify the cdculation by avoiding the need to reterate each time
the reinforcement densty was adjusted to match the reinforcement dresses to the
reinforcement capecity available for the wal. Furthermore, the Coherent Gravity method
did not provide a way to account for the differences in reinforcement type, snce K; and
Ko were used directly in that method to caculate reinforcement stresses regardiess of the
reinforcement type. A method was needed that could easily be adopted to new MSE wall
reinforcement types as they became avalable Hence, a god for this method was to
develop a single K,/K, curve for each reinforcement type based on reinforcement type
aone. Note that the concept of using of a K/K, ratio for MSE wal system internd stress
determination was not new to the FHWA Structure Stiffness Method, as Schlosser (1978)
provided an ealy summay of MSE wadl renforcement dresses usng this K,/K, ratio
gpproach to establish Reinforced Earth wall design specifications (see Figure 1).

Another sgnificant difference among the methods was how the verticd soil dress
was cdculated. The issue was whether the wall should be tregted interndly as a rigid
body, dlowing overturning moment to be transmitted throughout the reinforced soil
mass, eevaing the verticd dress in the wadl. This cdculaion approach adds a
ggnificant complication to internad dress computations, and the vdidity of this



assumption was consdered questionable by the TWG as wel as by the FHWA (data
discussed later in this paper provide the basis for this concluson). Furthermore, the
FHWA Structure Stiffness Method, allowed by the AASHTO Standard Specifications,
did not congder this overturning moment for interna vertical stress computations.  Given
this supporting information, it was decided to not consder the overturning moment for
interna  verticd dress computations but to retain it only for externd bearing dress
computations as a conservative measure.

An important gep in the deveopment of this method was to cdibrate the method
relative to available full scale MSE wall data. Details of this calibration are provided.

The design methodology for the Smplified Method is smilar to that of the FHWA
Structure Stiffness and Tieback Wedge Methods. Equation 8 can be used for the
determination of Tmax, except that K, /K, is determined directly from Fgure 4 rather than
from equations 9 and 10.

0 0 10 Z:I..2 1.7 2.5 > KJK,
! 4— Metal Bar Mats &
| Welded Wire Grids
Depth Below !
Top of Wall, |
z i Metal Strips
6 m|------------ --

R Geosynthetics

A

1.0 1.2
*Does not apply to polymer strip reinforcement.

Figure 4. Determination of K;/K 5 for the Smplified Method (after AASHTO, 1999).
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SUPPORTING CASE HISTORY DATA

For the purpose of assessng the abdility of a given method to predict internd
reinforcement stresses accurately, a case history must include adequate material property
information, such as backfillspecific soil friction angles and unit weights, reinforcement
geometry and spacing, overal wall geometry, some idea of the compaction method used,
and some undergtanding of foundetion conditions. All of the case hidtories sdected for
this anadlyss had adeguate information for this assessment. Wall geometry and materia
properties are summarized for dl of the wals in tables 1, 2, and 3, and in figures 5
through 21. Note that the properties of the soil backfill behind the reinforced soil zone
were assumed to be the same as the reinforced zone backfill, unless otherwise noted.

The following is a description of each of these case hitories.

LILLE, FRANCE, STEEL STRIPMSE WALL, 1972

A reinforced earth bridge abutment wal 5.6 m high was consructed in 1972 near
Lille, France (Bagtick, 1984). Precast reinforced earth concrete facing pands and sted
reinforcing srips were used for the entire wall.  The overdl geometry and wall details are
shown in Figure 5. The wal backfill was a gravely sand (red schist). The type of test
used to determine the soil shear srength for the backfill was not reported, and only the
resulting measured soil friction angle was provided. The soil backfill behind the wal

was reported to have a soil friction angle of 35°, but it is not clear whether this was a
beckfill-specific measured value.  The foundation conditions benesth the wal were dso
not reported. Tendle srength (F, = 440 MP&) and modulus (200,000 MP4) of the sted
were esimated on the basis of typicad minimum specification requirements for the stedl.

Bonded resstance srain gauges were attached in pars (top and bottom of the
reinforcement) & each messurement point to account for any bending sresses in the
reinforcement. Only reinforcement loads, converted from dran gauge readings,
including their distribution aong the reinforcement, were reported (Bastick, 1984).

11



Table 1. Summary of wal geometry and materid properties for sted strip reinforced walls.

Reinfor cement Global
Case Backfill *Typ- Coverage Reinforcement | Reinforcement Wall
Case | Descriptionand | Backfill g ical Sy Ratio, Geometry Area/Unit Stiffness,
No. Date Built f (KN/m®) | Ka (m) Sh (M) Re (mm) (mm?) S, (kPa)
SS1 Lille, France 4° 181 018 0.75 0.50 0.16 15x 80 120 64,000
Steel Strip Wall, (smooth steel
1972 strip)
SS2 UCLA Stedl 3g° 198 0.24 0.76 0.76 0.105 80 x 3 (smooth 240 103,538
Strip Test Wall, steel strip)
1974
S3 WES Stedl Strip 36° 185 0.26 0.61 0.77 013 101.6 x 0.635 64.5 20477
Test Wall, 1976 (smooth steel
strip)
SA Fremersdorf 37° 196 0.25 0.76 0.76 0.079 60 x 5 (ribbed 300 102,791
Steel Strip Wall, steel strip)
1980
SS5 Waltham Cross 56° 226 0.09 0.76 0.76 for top 6 | 0.053,0.079, 40 x 5 (ribbed 200 105,274
Sted Strip Wall, layers, 0.51 for 7" | 0.105, and steel strip)
1981 layer, 0.38 for [ 0.131 respective
layers 8 and 9, | of §,
and 031 for
layers10and 11
SS6 Guildford 48° 223 0.15 0.30 0.90 0.083 75 x 5 (smooth 375 264,021
Bypass Steel steel strip)
Strip Walls,
SectionsA & B,
1981
SS7 Asahigaoka, 36° 177 0.26 0.75 0.75for top 10 0.133and 0.200 | 100x 3.2 302 127,511
Japan Steel Strip layers, and 0.50 respectiveof S, | (smooth steel
MSE Wall, 1982 for bottom 6 strip)
layers
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Table 1, Continued.

Reinfor cement Global
Case Backfill *Typ- Coverage Reinforcement | Reinforcement Wall
Case | Descriptionand | Backfill g ical Sy Ratio, Geometry Area/Unit Stiffness,
No. Date Built f (KN/m®) | Ka (m) Sh (M) Re (mm) (mm?) S, (kPa)
S8 Millville, West 44° 191 0.18 0.75 0.51 for top 3 0.118for top 2 60x 5for al 300 and 200, 101,280
Virginia Steel and layers, 0.38 for layers, 0.158 for | layers except respectively
Strip Wall, 0.38 layer 4,0.51 for layer 4,0.118 layers 7 and 8,
Rectangular layers 5 and 6, for layers5and | where40x5
Section, 1983 and 0.75 for 6, 0.053 for was used
bottom 4 layers layers 7 and 8, (ribbed steel
and 0.080 for strip)
bottom 2 layers
SS9 Millville, West 44° 191 0.18 0.75 0.75for top layer, | 0.080, 0.095, 60x 5for al 300 95,395
Virginia Steel and 0.63 for layers 2 0.118, 0.080, layers (ribbed
Strip Wall, 0.38 through 4, 0.51 and 0.118, steel strip)
Trapezoidal for layers5and 6, | respective of S,
Section, 1983 0.75for layer 7,
and 0.51 for
bottom 3 layers
SS10 | Ngauranga Steel 50° 215 013 0.76 0.76 for top 12 0.079and 0.118 | 60x 5 (ribbed 300 121,935
Strip Wall, 1985 layers, and 0.51 respectiveof S, | steel strip)
for bottom 5
layers
SS11 | Algonquin Steel 40° 204 022 0.76 0.73 0.0694 | 50 x 4 (ribbed 200 71,898
Strip Wall, 1988 steel strip)
SS12 | Gjovik (Norway) 38° 190 0.24 0.76 0.76 0.053 | 40 x 5 (ribbed 200 70,211
Steel Strip Wall, steel strip)
1990
SS13 | Bourron 37 16.8 0.25 0.76 0.76 for top 10 0.079, 0.098, 60 x 5 (ribbed 300 136,667
Marlotte Steel layers, 0.61 for and 0.118 steel strip)
Strip 11" layer, and respective of S,
Rectangular Test 0.51 for bottom 3
Wall, 1993 layers
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Table 1, Continued.

Reinfor cement Global
Case Backfill *Typ- Coverage Reinforcement | Reinforcement Wall
Case | Descriptionand | Backfill g ical Sy Ratio, Geometry Area/Unit Stiffness,
No. Date Built f (KN/m®) | Ka (m) Sh (M) Re (mm) (mm?) S, (kPa)
SS14 | Bourron 37° 16.8 0.25 0.76 0.76 fortop 5 0.079, 0.098, 60 x 5 (ribbed 300 118,228
Marlotte Steel layers, 0.61 for 6" | and 0.118 steel strip)
Strip Trapezoidal layer,and 0.51 for | respectiveof S,
Test Wall, 1993 bottom 8 layers
SS15 | INDOT Minnow 38° 218 024 0.76 1.05for top 8 0.048, 0.066, 50x4 (ribbed 200 81,359
Creek Wall, layers, 0.76 for 0.082, 0.098, strip)
2001 next 4 layers, 0.61 | 0.132, and
for next 3 layers, 0.147 respective
0.51 for next 2 of §
layers, 0.43 for

next 2 layers, 0.38
for next 2 layers,
and 0.34 for
bottom layer

*Seefiguresfor details of any variations of S,.
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Table 2. Summary of wall geometry and materia properties for stedl bar mat reinforced walls.

Case Backfill *Typ- Reinfor cement Reinfor cement Reinfor cement Global Wall
Case | Destriptionand | Backfill g ical Sy CoverageRatio, Geometry Area/Unit Stiffness, S;
No. Date Built f (KN/m®) | Ka (m) Sh (M) Re (mm) (mm?) (kPa)
BM1 | Hayward Bar 406° 204 021 0.61 107 0.563 Five W11 bars 355 108,833
Mat Wall, spaced at 150 mm
Section 1, 1981 c-C
BM2 | Hayward Bar 40.6° 204 021 0.61 107 0.563 Five W11 bars 355 108,073
Mat Wall, spaced at 150 mm
Section 2, 1981 c-C
BM3 | AlgonquinBar 40° 204 022 0.75 15 0.284 Four W11 bars 284 49,687
Mat Wall (sand), spaced at 150 mm
1988 c-C
BM4 | Algonquin Bar 3x° 204 0.27 0.75 15 0.284 Four W11 bars 284 49,687
Mat Wall (silt), spaced at 150 mm
1988 c-C
BM5 | CloverdaleBar 40° 226 022 0.76 124 0.363for top 5 Four W11 barsfor | 355fortop 5 126,119
Mat Wall, 1988 layers, 0.605 for top 5 layers, six layers, 426 for
next 5 layers, W11 bars for next next 5 layers,
0.363 for next 5 5layers, four W20 | 516 for next 5
layers, 0.605 for barsfor next 5 layers, 774 for
next 6 layers, layers, six W20 next 6 layers,
and 0.847 for barsfor next 6 1,032 for

bottom 3 layers

layers, and eight
W20 barsfor
bottom 3 layers, all
spaced at 150 mm
c-C

bottom 3 layers

*Seefiguresfor details of any variations of S,.
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Table 3. Summary of wall geometry and materia properties for welded wire reinforced walls.

Case Backfill Reinfor cement Reinfor cement Reinfor cement Global Wall
Case | Destriptionand | Backfill g *Typical Coverage Geometry Area/Unit Stiffness, S,
No. Date Built f (kN/m®) | Ka Sy (m) Sh (M) Ratio, (mm) (mm?) (kPa)
Rc
WW1 | Rainier Ave. 43° 19.2 0.19 0.46 10 10 W4.5xW35 for top | 193 mm¢/m for 146,535
Welded Wire 13 layers, top 13 layers, 301
Wall, 1985 W7xW3.5 for next /m for next 7
7 layers, layers, 409
W9.5xW3.5 for mnf/m for next
next 11 layers, and | 11 layers, and 516
W12xW5 for mnf/m for bottom
bottom 7 layers, 7 layers
with all
longitudinal wires
spaced at 150 mm
c-C
WW?2 | Houston, Texas 38° 186 024 0.76 191 064 W4.5xW7 for top 3 261 mnr/mat for 84,640
Welded Wire layers, W7xW7 for top 3 layers, 407
Wall, 1991 next 2 layers, m/mat for next
W9.5xW?7 for next 2 layers, 552
2 layers, W12xW7 m/mat for next
for next 2 layers, 2 layers, 697
and W12xW?7 for m/mat for next
bottom 5 layers, all 2 layers, and 813
mats use 9 nf/mat for
longitudinal wires bottom 5 layers
spaced at approx.
140 mmc-c

*See figures for details of any variations of S,.
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Hgure5. Lille, France, sted dtrip test wall (adapted from Bastick, 1984).

UCLA STEEL STRIPMSETEST WALL, 1974

A ful-scae tet wal 6.1 m high and 34 m long was condructed a the UCLA
Engineering FHeld Staion in Saugus, Cdifornia, in 1974 to invedtigate the satic and
dynamic behavior of ded dgrip reinforced Mechanicdly Stabilized Eath (MSE) wadls
(Richardson et d., 1977). Precast Reinforced Earth Company (RECO) concrete facing
panels were used for the entire wall. RECO gted grips were used for the reinforcement.
The overdl geometry and wal detals are shown in Figure 6. The wal backfill was
described as a dusty sandy gravel obtained from a dry stream bed near the ste, with d
and dip Szes of 1.0 mm and 0.15 mm, respectivdly. Soil shear sirength was determined

through laboratory triaxid tegting, but only the resulting measured soil friction angle was
provided. The unit weight of the soil was measured through density tests in-Stu during
wall condruction after compaction. No water or specia compaction procedure was used
to compact the backfill, other than driving trucks and other hauling equipment over the
fill, and placing the fill in 0.46-m lifts (actud lift thicknesses varied from 0.3 m to 0.75
m). Approximately 85 percent of Modified Proctor compaction was achieved. The
foundation conditions benesth the wall were described as 0.3 to 1 m of sand underlain by
sandstone. The tensle strength (F, = 520 MPa) and modulus (200,000 MP4) of the sted
were based on minimum specification requirements for the stedl used.

Specifics of the ingrumentation used to measure the drains and loads in the
reinforcement were not provided. Only reinforcement loads, converted from strain gauge
readings, were reported (Richardson et al, 1977).
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FHgure 6. UCLA sted srip test wal (adapted from Richardson, et. d., 1977).
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49 m

WATERWAYSEXPERIMENT STATION STEEL STRIPMSE TEST WALL,
1976

A ful-scde tet wdl 366 m high was condructed in 1976 in a three-sded pit
excavated into a bank of glty soil known as Vicksburg loess a the US Army Waterways
Experiment Station (Al-Hussaini and Perry, 1978). The wal section was 4.88 m long,
and the width of the wdl was 31 m. The wdl utilized Alcoa T11 high-strength
aduminum pands, which were each 0.61 m wide, 3.66 m long, and 40.6 mm thick. The

pands connected together with a hinge-type connection. The wal was reinforced with
24-gauge gavanized ged drips, and the wal geometry was as shown in Figure 7. The
backfill was a clean subangular to angular concrete sand with a dso Size of 0.48 mm and a
Cy of 22 Soil shear drength was determined through direct shear testing of 76-mm
square specimens, though only a pesk soil friction angle was provided for the results.
The unit weight of the soil was measured in-Stu during wal condruction. The soil was
placed by hand in 0.31-m lifts and was not compacted. Tensle strength (F, = 430 MPa)
was estimated on the basis of the reported F of 352 MPa from laboratory tests on the
ded drip used. The modulus of the sted (214,600 MPa) was aso determined from
|aboratory tendle tests on the sted strip materia used.

The wall was dso surcharge loaded with lead weights in an attempt to take the wall
to a point of collapse. A thin plastic membrane was placed on the top of the wall, with
duminum panes smilar to those used for the facing dements placed on the wal top
next, to more evenly digribute the surcharge load on the wall top. Lead weights (907 kg
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eech) were uniformly placed on the duminum pands in a checkerboard fashion. The
surcharge was incressed in 24-kPa increments to a total load of 72 kPa over the entire
wall top. After measurements were taken, the load was increased again. Collapse of the
wal occurred while this last loading was in progress, with an estimated load at collapse
of approximately 904 kPa. The collapse phase darted as an audible sound of distress
and ggnificant bulging of the facing dement located a the fird and second row of
reinforcing drips from the bottom.  After this collapse occurred rapidly, taking only 3
seconds to occur.  Depending on the location within the wal, shear falure of dther the
connections to the face or of the reinforcing strips in the backfill occurred.

A verticd column of soil pressure cels developed by the Waterways Experiment
Station was placed 0.3 m behind the face to monitor vertical soil pressure.  Complete
Wheatstone bridges conssting of four BLH drain gauges were atached in pairs (top and
bottom of the reinforcement) a each measurement point to directly measure the load in
the reinforcement. They were mounted top and bottom to account for any bending
dresses in the renforcement.  Reinforcement drains, including ther digtribution dong
the reinforcement, were reported (Al-Hussaini and Perry, 1978).

Incremental ) )
aluminum L ead weight surcharge (varies up to 90 kPa)

Panel Facing .di.stri.but:edzby .al qmi num f:aci ng panels
YYYVYVYYYYYVyY
203 m

0.6 m
3.66 1 (typ

~

£0.3

<€ >
3.05m
Foundation and back wall soil issilty loess

Figure 7. WES stedl strip test wal (adapted from Al-Hussaini and Perry, 1978).

FREMERSDORF, GERMANY, STEEL STRIP MSE WAL L, 1980
A RECO wadl 7.3 m high was congtructed in 1980 at Fremersdorf, Germany, aong
sde the river Saar (Thamm, 1981). Precast Reinforced Earth Company (RECO) concrete
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facing pands and ded reinforcing srips were used for the entire wal. The overdl
geometry and wal details are shown in Figure 8. The wal backfill was a pesty sand,
with the exception of a free draning medium gravd zone near the face Soil shear
grength for the sand was determined through laboratory direct shear testing by usng a
500-mm by 500-mm shear box, and only the resulting measured soil friction angle was
provided. It is assumed that both the sand and the pea gravel had approximately the same
soil friction angle.  The unit weight of the soil was measured through densty tests in-Stu
during wall congdruction after compaction. Compaction was accomplished with a 90-kN
vibrating roller (frequency of 25 Hz), and 0.375-m soil lifts were used. The foundation
s0il beneath the wall conssted of 5 m of dense gravelly sand over sandstone.  The tensle
dgrength (F, = 520 MPa) and modulus (200,000 MPa) of the sted were based on
minimum specification requirements for the sted used.

Bonded resstance srain gauges were attached in pars (top and bottom of the
reinforcement) a each measurement point to account for any bending sresses in the
reinforcement. Only reinforcement loads, converted from dran gauge readings, including
their digtribution dong the reinforcement, were reported (Thamm, 1981). Earth pressure
cells were dso placed in a row gpproximatey 0.7 m above the wall base to measure the
vertica earth pressure digtribution along the wall base.

v Incremental
Precast Concrete
} Panel Facing
A = % 038 m
Sand backfill
7.3m
Y——— Freedraining
_ | gravel
2m
¥
Y i 'y 0.38 m
6.2m

Figure 8. Fremersdorf sted strip MSE wall.

20



WALTHAM CROSSSTEEL STRIP MSE WALL, 1981

A Reinforced Eath Company (RECO) wal was condructed to support the M25
motorway a Watham Cross in Hertfordshire, UK (Murray and Farrar, 1990). Wall
congtruction began and was for the most part completed in 1981. The wal was 82 m
high. Precast RECO concrete facing panels and sted strips were used for the entire wall.

The overdl geometry and wal detals are shown in Figure 9. The foundation soil was 1
m of dense gravely sand fill underlan by 2 to 4 m of refuse subjected to dynamic
compaction, which was underlan by 1 to 2 m of soft black clay. As the dynamic
compaction did not improve the soil adequately to provide the needed bearing capecity
beneath the higher sections of the wadl, an 8 m-deep sheet pile wall was placed directly in
front of the wall. This was tied by usng 18-m-long tie rods cast in concrete to short piles,
ingdled into firm foundation soil, which were located kehind and beneath the back of the
dructure. Based on pressuremeter tests, the improved foundation soil had an average
Young's modulus of 12 MPa and an undrained shear strength of 126 kPa. Settlement of
the wdl within the backfill area was not reported, but goproximady 90 mm of verticd
movement was observed in the footing that supported the facing.

The backfill sand was a wdl graded sand and gravel, with a maximum paticle sze
of 40 mm and less than 5 percent fine sand. The shear strength of the backfill soil was
determined through laboratory direct shear testing by using a large direct shear gpparatus
(300 mm by 300 mm by 175 mm degp). Only summary test results were reported. The
unit weight of the soil was messured through dendty tests in-stu during wadl
condruction after compection. The tendle drength (R, = 520 MPa) and modulus
(200,000 MPa) of the sted were based on minimum specification requirements for the
stedl used.

Compection of the backfill was carried out in accordance with Department of
Transport specifications. A towed vibrating roller (Stothert and Fitt T182, weight 6.06
Mg, roll width 1371 mm) was used for the bulk of the fill. Within 2 m of the facing, a
pedestrian operated Bomag 75S twin roll vibrating roller (weight 0.94 Mg, roll width 750
mm) was used.

Bonded eectrical resistance strain gauges were attached to the top and bottom of the

reinforcement & each messurement point to account for any bending sStresses in the
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reinforcement. Only reinforcement loads, converted from dran gauge readings,
including their didribution dong the reinforcement, were reported (Murray and Farrar,
1990). Verticd earth pressures were aso measured by pneumatic pressure cells placed
near the base of the wall. The earth pressure cells were calibrated, as well as compared to
earth pressure cells placed behind the reinforced soil section.

Incremental
Precast Concrete

; Panel Facing Pavement

82m

=5 0.38 m
——————> £

< 70m >
9.0m

Figure 9. Wadtham Cross sted strip MSE wall (adapted from Murray and Farrar, 1990).

GUILDFORD BYPASSSTEEL STRIP MSE WALL, 1981

A ged dgrip reinforced, concrete pand-faced MSE wdl 6 m high was congtructed to
support the A3 motorway as part of the A3/A322 interchange a Guildford (Hollinghurst
and Murray, 1986). The walls were actualy supported back-to-back to form the eevated

roadway, but the face-to-face distance between the two walls was over 20 m, which is
more than adequate to prevent one wal from affecting the other. Wal condruction
began and was for the most pat completed in 1981. Small hexagond precast facing
panels were used. These had a dimenson of 0.6 m diametricdly across the flais and a
maximum thickness of 0.1 m. Sted dgrips were used as the soil reinforcement. The
overdl geometry and wdl detalls are shown in Figure 10. The foundation soil was
weathered London clay. The backfill sand was a wdl graded sand and gravel, with a
maximum particle sze of 40 mm and less than 5 percent fine sand. The shear drength of
the backfill soil was determined through laboratory direct shear testing by using a large
direct shear apparatus (300mm by 300 mm by 150 mm deegp). Only the pesk soil friction

angle was reported.  The unit weight of the soil was measured through dengity tests in-
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gtu during wal condruction after compaction.  The foundation soil condsted of
wegthered London clay, which was moderaidy compressble. The tendle srength (R, =
440 MPa) and modulus (200,000 MPa) of the sted were based on minimum specification
requirements for the stedl used.

Compection of the backfill was not described in detal, but heavy compaction
equipment was used for the bulk of the fill, and a light weight Wacker plate compactor
was used within 0.5 m of the face.

Bonded dectricd resstance strain gauges were attached to the top and bottom of the
reinforcement & each measurement point to account for any bending stresses in the
renforcement. Two wal sections were indrumented.  Only reinforcement loads,
converted from cdibrated drain gauge readings, including their digribution dong the
reinforcement, were reported (Murray and Hollinghurst, 1986). Pneumatic earth pressure
cdls were placed in arow a the ground eevation in front of the wall, as wel as a higher
depths within the wal. The cels were cdibrated and compared to earth pressure cdls
placed behind the reinforced zone.

Vertical polesfor reinforcing connection
Incremental hexagonal

Precast Concrete

Panel Facing Precast parapet unit

__—Roadway slab
l':_ """"""" ¥
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P ——— = ATy {el (e ]yl
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R ——— (staggered in
______________ plan)
N e ———
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Figure 10. Guildford Bypass sted dtrip reinforced MSE wal (adapted from Murray and
Hollinghurgt, 1986).

ASAHIGAOKA, JAPAN, STEEL STRIP MSE WALL, 1982
A ged dgrip reinforced, concrete pand faced RECO wadl 13.0 m high (including soil
surcharge) was cordructed in Asahigaoka, Jgpan, though the specifics of the gpplication
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were not reported (Terre Armee, 1984). Wall congtruction is estimated to be some time
before 1982, given the date shown on a handwritten figure in the report for this structure
(Badtick, 1984). RECO precast concrete facing panels, either 180 mm or 220 mm thick,
and gded reinforcing drips placed in the backfill were used. The overdl geometry and
wal detals are shown in Figure 11. Details of the foundation soil were not reported.
Settlement of the wal was specificaly not measured, which may be an indicator that
settlements were not anticipated to be large.  The backfill was granular, but with some
cohesion. The measured backfill shear strength was reported ¢ of 36°, with a cohesion
of 18.6 kPa), but the details of the shear strength test were not reported. The unit weight
of the soil was measured in-Stu during wal condruction, but detals of the method used
were not provided. Compaction method details were aso not provided. The tensle
grength (F, = 440 MPa) and modulus (200,000 MPa) of the sted were based on
minimum specification requirements for the sted used.

Bonded eectricd resstance strain gauges were attached to the top and bottom of the
reinforcement at each measurement point to account for any bending stresses in the
reinforcement. Only reinforcement loads, converted from dran gauge readings,
including their digtribution aong the reinforcement, were reported (Bastick, 1984).
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Figure 11. Asahigaoka, Japan, stedl strip MSE wall (adopted from Bastick, 1984).

24



MILLVILLE, WEST VIRGINIA, STEEL STRIP MSE WALL, 1983

A ded drip reinforced, concrete pand-faced RECO test wal 6.0 m high was
condructed in Millville, West Virginia, as a te wadl to invedtigate the effect of narrow
wall base widths (Bastick, 1984). Wall congruction was in 1983. RECO precast
concrete facing panels and sted reinforcing drips placed in the backfill were used. Two

wall sections were congructed, one with a congtant srip length, and one with a varigble
drength length. The overdl geometry and wal details are shown in Figure 12 (a and b)
for both sections. Detals of the foundation soil were not reported. The backfill was
granular, but with some cohesion. The measured backfill shear strength was reported, but
the detals of the shear strength test were not reported. The unit weight of the soil was
measured in-Situ during wal condruction, but details of the method used were not
provided. Compaction method details were dso not provided. The tensle strength (F, =
520 MPa) and modulus (200,000 MPa) of the sted were based on minimum specification
requirements for the sted used.
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Figure 12. Millville, West Virginia, sted strip MSE walls (adopted from Bastick, 1984).

Bonded eectrical resstance srain gauges were attached to the top and bottom of the
reinforcement a each measurement point to account for any bending dtresses in the
reinforcement. However, because of wiring and other problems, reliable srain readings
could not be obtained. Soil stress cells were placed a the bottom of the wall to measure
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vetica soil sress. Since these verticd oil dtress data are useful for evauating one of
the key assumptions used in one of the reinforcement stress prediction methods (i.e, the
Coherent Gravity Method), this case higtory is included despite the problems with the

drain gauges.

NGAURANGA, NEW ZEALAND, STEEL STRIP MSE WALL, 1985

A ged drip reinforced, concrete pand-faced RECO wadl 126 m high was
congtructed to support a bridge abutment and approach fill as part of the Ngauranga
Interchange near Wdlington City (Boyd, 1993). Wal condruction is assumed to be
some time before 1985, given the reference cited in Boyd (1993). Standard RECO
precast concrete facing panes and sted reinforcing srips placed in the backfill were

used. The overdl geometry and wal detals are shown in Figure 13. Deails of the
foundetion soil were not reported, but it was apparently moderately compressible, given
the 200 mm of settlement observed below the wal. The backfill was a wel graded
granular greywacke, with a maximum particle sze of 180 mm, a dp of over 40 mm, and
less than 1 percent Slt. Messured shear drength of the backfill soil was not specificaly
reported, but on the basis of the results of pullout tests on the backfill soil with ribbed
ged drips, the pesk soil friction angle is estimated to be in excess of 50 degrees. The
unit weight of the soil was messured in-Stu through dengty tests during wall
condruction after compaction.  Foundation conditions beneath the wal were not
specificaly reported, though the soil was apparently moderatdly compressible, as
aoproximately 200 mm of settlement were measured. The tensle drength (R, = 520
MPa) and modulus (200,000 MPa) of the sted were based on minimum specification
requirements for the stedl used.

Boyd (1993) reported that compaction of the backfill was carried out by afour-tonne
vibratory roller and 12-tonne smooth wheded rollers. Within 2 m of the wal face, a one-
tonne datic roller was used for compaction, and a smal plate compactor was used near
the facing pandls.

Detals of the insrumentation used were not provided. Only reinforcement loads,
conveted from dran gauge readings, including their digribution dong the
reinforcement, were reported (Boyd, 1993). They were as high as 47.8 kKN/m.
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Figure 13. Ngauranga, New Zedand, sted strip MSE wall (adapted from Boyd, 1993).

ALGONOQUIN STEEL STRIP AND BAR MAT CONCRETE PANEL WALLS,
1988

A sies of full-scde tet wdls 6 m high were condructed in a grave pit in
Algonquin, lllinois, as pat of a Feded Highway Adminigration invedtigation of the
behavior of MSE wadlls (Christopher, 1993). Seven wall sections, each 10 m long, were
condructed. Five of the wdls utilized the same precast concrete facing panels. One of
these sections (Wall 1) used Reinforced Earth Company (RECO) sted strips (see Figure
14). Wall 3 used VSL sted bar mats with transverse W11 bars spaced at 0.6 m center to
center (see Figure 14). Two of the wals (wdls 4 and 5) were the same as Wadl 3, but a
cobble backfill and a low pladticity silt, respectively, were used as backfill rather than the
gravely sand backfill used for the other wadls (see Figure 14). The remaning sections

were other types of sted reinforced and geosynthetic reinforced MSE systems, which
afforded an opportunity to compare geosynthetic reinforced systems with sted reinforced
gydems.  The gravdly sand backfill used was a wdl graded gravely sand with a
maximum particle Sze of 50 mm and a dsp Sze of 4 mm. The st backfill was a low
plagticity Slit obtaned from a washed-screens duice pond that was pat of a grave
operation at the site, and 90 percent passed the 0.074 mm seve. Soil shear strength was
determined through triaxia testing in both cases A pesk soil friction angle was provided
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for the sand, and both a pesk soil friction angle and a cohesion (2.4 kPa) was reported for
the glt backfill. The unit weght of the soil was measured in-Stu with a nuclear
densometer during wall condruction after compaction.  Foundation conditions benesath
the wall conssted of 5 m of dense gravelly sand underlain by very dense sandy glit. The
tendle srength (F, = 520 MPa) and modulus (200,000 MPa) of the sted were based on
minimum ASTM specification requirements for the stedl used.

Congruction of the walls began in June 1987 and was completed in early 1988. A
mgority of the wal backfill was compacted with a Wacker modd W74 “wak behind”
vibrating drum type compactor that ddivered a centrifugal force of 17.8 kN (Christopher,
1993). A gmdler vibratory plate type compactor with a 0.9 kN impact a 5900
cyclesmin. was used near the wal face and around the inclinometer casngs. The
backfill soil was compacted to 95 percent of Standard Proctor (ASTM D 698). This was
typicdly obtaned with four to five passes of the compactor by usng a lift thickness of
approximately 200 mm.

Bonded resstance dstrain gauges were atached in pars (top and bottom of the
reinforcement) a each measurement point to account for any bending stresses in the
renforcement.  Strains, including their digribution dong the reinforcement were as high
as 0.09 percent (Christopher, 1993) . Note that there were some strain readings, in
paticular for Wdl 1, that were higher than 0.09 percent, but they were adso erratic.
Christopher (1999) consdered those paticular readings, specificdly the maximum
readings in layers 2 and 3 in Wal 1, to be unrdiable (see Christopher, 1993). Some
eratic readings were aso observed in some of the reinforcement layers for wals 3 and 5,
and ovedl paterns of dran dong the reinforcement were used to determine the
maximum reinforcement load in those layers  In addition, the uppermost instrumented
reinforcement layer in Wl 5, which had a pure st backfill, were observed to be affected
by frost heave (Christopher, 1999).

Three earth pressure cdls were placed at the base of Walls 3 and 5 to measure
vertica earth pressure.
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Figure 14. Algonquin sed dsrip and bar mat MSE wadl (adapted from Christopher,
1993).

GJOVIK, NORWAY, STEEL STRIP MSE WALL, 1990
A ded drip reinforced, concrete pand-faced RECO wdl 120 m high was
constructed to support the Rv 4 roadway near Gjovik, Norway (Vadestad, 1993). Wall

congruction was some time around 1990, but the specific date of congtruction was not
reported. Standard RECO precast concrete facing panels and sed reinforcing grips
placed in the backfill were used. The overdl geometry and wdl details are shown in
Figure 15. Detalls of the foundation soil were not avalable. The backfill was granular in
naiure, but detals were not avalable The measured shear drength of the soil was
provided, but the specific test method used to obtain the shear strength was not available.
The unit weight of the soil was measured in-Stu through densty tests during wall
condruction after compaction. The backfill was compacted to 97 percent of Standard
proctor (ASTM D 698) by usng full-szed vibratory rollers (Vadestad, 1996). The
tendle grength (F, = 520 MPa) and modulus (200,000 MPa) of the sted were based on
minimum specification requirements for the stedl used.

Detalls of the indrumentation were not provided.  Only reinforcement loads,
converted from dran gauge readings incduding ther didribution dong the
reinforcement, were reported (Vadestad, 1993).
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Figure 15. Gjovik, Norway, sted strip MSE wall (adapted from Vadestad, 1993).

BOURRON MARLOTTE STEEL STRIPMSE TEST WALLS, 1993

Full-scale test wdls 10.5 m high were congructed in a sand quarry near Bourron
Marlotte in the Fontainbleau Forest to invedtigate the behavior of dender sted dtrip
reinforced, MSE walls (Bastick et d., 1993). The actud year of the wal congtruction
was not reported. Two wall sections, each 5.4 m long, but with a 3.9-m isolation section
between them and with 14.7-m-long isolation sections a each end of the wal, were
congructed. Precast Reinforced Earth Company (RECO) concrete facing panels were
used for the entire wal. RECO ged drips were used for the reinforcement.  The overal
geometry and wall details are shown in Figure 16 (a and b). Fontainbleau sand was used
as wal backfill and as replacement materid for the foundation soil beow the wal to

provide more congstent foundation soil characteristics. The sand was uniformly graded
with a dp gze of goproximatdy 0.27 mm, with virtudly no sit szed particles. Soil shear
drength was determined through laboratory testing, but the type of test conducted was
not reported, and only the resulting measured soil friction angle was provided. The unit
weight of the soil was measured through dendty tests inStu during wal congruction
after compaction. Detals of the compaction method was not reported, but it was
described as light but uniform compaction to a lower standard than would typicaly be
used for red full-scde dructures. The tensle strength (R, = 520 MPa) and modulus
(200,000 MPa) of the gsted were consdered to be reatively congant, but variations in
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grip thickness and width were possible. Tendle tests were conducted on sections of the
insrumented drips to cdlibrate the gauges, so that the measured drain to load could be
correctly interpreted.

Bonded resstance srain gauges were attached in pars (top and bottom of the
reinforcement) a each measurement point to account for any bending stresses in the
reinforcement. Only reinforcement loads, converted from cdibraed dran gauge
readings, including their didribution aong the reinforcement, were reported (Badtick etd,
1993). Glotzl totd pressure cdls were placed dong the wall base and behind the wall to

measure vertica earth pressure.
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Figure 16. Bourron Marlotte sted srip MSE test walls (adapted from Bagtick et d.,
1993).

INDOT MINNOW CREEK STEEL STRIP MSE WALL, 1999
A RECO wadl 169 m high was condructed in 1999 near Logansport, Indiana, on

US-24 to support a bridge approach fill & Minnow Creek (Runser et d., in press).
Precast Reinforced Earth Company (RECO) concrete facing panels and sted reinforcing
srips were used for the entire wal. The overdl geometry and wdl detalls are shown in
Figure 17. The wal backfill was a poorly graded sand with gravel. Soil shear strength
for the sand was determined through sx 150-mm-diameter consolidated drained triaxid
tests in the laboratory, and only the resulting measured soil friction angle was provided.

The friction angle of the retained soil (reported as 35.3° on average) was determined in
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the same manner as the backfill soil, and Sx triaxid tests were dso peformed. The unit
weight of the soil was measured through densty tests in-Stu during wal condruction
after compaction. Details of the compaction method were not reported, but since this was
a production wal for a sate department of trangportation, it can be assumed that the
backfill soil was wdl compacted with full-scae rollers in accordance with AASHTO
gpecifications (AASHTO, 1998). A description of the foundation soil was not provided,
but the bridge was pile supported, and concern about inadequate bearing capacity resulted
in the bottom five reinforcement layers being lengthened.  This implies tha the
foundation soils were relatively soft or loose. The ultimate tensle strength of the drips
was determined from laboratory tests on three srips (average Fy of 143 kN), and the
modulus (200,000 MPa) of the stee was based on minimum specification requirements
for the sted used.

Bonded resstance srain gauges were attached in pars (top and bottom of the
reinforcement) a each measurement point to account for any bending dtresses in the
reinforcemen. Only reinforcement loads, converted from dran gauge readings,
including their digribution dong the reinforcement, were reported. Earth pressure cells
were dso placed in a row a the wal base to measure the vertical earth pressure
digtribution aong the wall base, aswell as at severd levels above the wall base.

HAYWARD BAR MAT MSE WALL, 1981

MSE retaining walls up to 6.1 m high were congtructed to support an embankment at
grade separation at Hayward, Cdifornia, in 1981 (Nedy, 1993). Precast Retained Earth
(VSL) 1.2-m-high hexagond concrete facing panes were used for the entire wall (Nedy
and Gandy, 1995). Stedl bar mats with transverse W11 bars spaced at 0.61 m center to
center were used for the backfill reinforcement. The overdl geometry and wal details
are shown in Figure 18 (a and b) for the two instrumented wal sections. The backfill soil
was a wel graded gravely sand, though specific gradationd details were not reported.
Soil shear dregth was determined through laboratory testing, but the type of test
conducted was not reported, and only the resulting measured soil friction angle was
provided. The unit weight of the soil was measured through dendty tests in-situ during
wall congdruction after compaction. Details of the compaction method was not reported,
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Figure 17. INDOT Minnow Creek sted strip MSE wall (adapted from Runser et d., in
press).

though it was described as being done to specification (typica of a full-scale production
wall). Foundation conditions beneath the wal were not reported. However, Al-Yassn
(1983) did report that gpproximately 0.6 m of settlement was measured for the fill behind
the wal, indicating that soft soil was present below the wal. The tensle g¢rength (R, =
520 MP4) and modulus (200,000 MPa) of the sted were based on minimum specification
requirements for the sted used.

Bonded resstance drain gauges were attached to the reinforcement, but no other
indrumentetion detalls were given.  Only reinforcement loads, converted from drain
gauge readings, including ther digribution dong the reinforcement, were reported
(Neely, 1993; Al-Yassin, 1983).
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Fgure 18. Hayward bar mat walls (adapted from Nedly, 1993).

CLOVERDALE, CALIFORNIA, BAR MAT MSE WALL, 1988

MSE retaining walls up to 18.2 m high were condtructed to support the redignment
of Highway 101 near Cloverdde, Cdifornia, in 1988 to avoid an existing dide (Jackura,
1988). Precast Retained Earth (VSL) 1.5-m-high hexagond concrete facing pands were
used for the entire wall. Sted bar mats with transverse W11 bars spaced a 0.3 to 0.6 m
center to center were used for the backfill reinforcement. The overal geometry and wal
detalls are shown in Figure 19 for the highest ingtrumented wal section. The backfill soil

was obtained from within the project limits and was clayey, sandy grave. The maximum
particle size was 150 mm, the do Sze was on the order of 5 mm, and 11 to 17 percent
passed the 0.075 mm Seve. The pladticity index was gpproximately 10 or less  Sail
shear drength was determined through laboratory testing by usng a 150-mm-diameter
triaxid testing device, but only the resulting messured oil friction angle and cohesion
were provided. The measured cohesion was reldively high (a f of 32° and a C of 48 kPa)
and likely did not represent fully drained, long-term soil strength for the backfill.  The
true drained triaxia f for the backfill was thought to be approximatey 40° (Jackura,
1996). The unit weght of the soil was measured through nuclear dengty tests in-gtu
during wall congruction after compaction. Compaction was described as done to
gpecification udng full-gze vibratory rollers for the main pat of the backfill (typicd of a
ful-scae production wal). Within 0.9 m of the face, to prevent digtortion of the facing
pands, a wedge of pea gravd was placed in each lift with minima compaction.
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Foundation conditions benesth the wal conssted of weathered to fresh sandstone and
mudstone.  The tendle srength (F, = 520 MPa) and modulus (200,000 MPa) of the stedl
were based on minimum specification requirements for the sted used.

Bonded eectricd resistance strain gauges were attached to the top and bottom of the
reinforcement a each measurement point to account for any bending dresses in the
reinforcement. Note that the reinforcement loads continued to increase with time over
the firg year of measurement (Jackura, 1988), indicating some time-dependent behavior
of the backfill, alikely consequence of usng ardatively cohesive backfill.
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Figure 19. Cloverdde, Cdifornia, bar mat wall (adapted from Jackura, 1988).

RAINIER AVENUE WELDED WIRE WALL, 1985

MSE welded wire retaining walls up to 16.8 m high were constructed to support a
preload embankment a grade separation on Interstate 90 in Sedttle, Washington, in 1985
(Anderson et d., 1987). Weded wire mats, with transverse wire spacing of 230 mm that
formed both the facing and the backfill reinforcement, were used for the entire wadl. The
overdl geometry and wdl detals are shown in Figure 20. The backfill soil was a clean,
uniformly graded, gravely sand, with a dsp of 0.7 mm. Two percent of the materid
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passed the 0.075 mm Seve. Soil shear drength was not directly determined for the
gpecific backfill used, dthough the source of the backfill was the same as that used for a
geosynthetic wall condructed in a later phase of this project where the backfill shear
grength, both triaxid and plane strain, was measured (Allen et d., 1992). Given the
gmilarities of the backfill soils used for both phases of this project, a triaxia soil friction
angle of approximately 43° was estimated for the welded wire wal backfill. The unit
weight of the soil was messured through nucdear dengty tests in-Stu during wal
congruction after compaction. Compaction was conducted with a large vibratory roller,
except that within 1 m of the face lighter weight compactors were used. Foundation
conditions beneeth the wall conssted of 6 m of medium dense gravely sand underlain by
15 m of soft to diff lacudrine day. The tensle srength (F, = 550 MPa) and modulus
(200,000 MPa) of the sted were based on minimum specification requirements for the
stedl used.

Bonded eectrica resstance strain gauges were attached to the top and bottom of the
reinforcement a each measurement point to account for any bending stresses in the
reinforcemen. Only reinforcement loads, converted from dran gauge readings,
including their digribution dong the reinforcement, were reported (Anderson e 4.,
1987).
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Figure 20. Rainier Avenue welded wire wall (adapted from Anderson, 1987).
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HOUSTON, TEXAS, WELDED WIRE WALL, 1991
MSE welded wire retaining wals up to 10.1 m high were condructed to support
State Highway 225 in Houston, Texas (Sampaco, 1995). The overdl geometry and wall

detalls are shown in Figure 21. Precast concrete panels were approximately 3.8 m long,
0.75 m high, and 130 mm thick. Welded wire mats atached to the facing eements, with
transverse wires spaced a 0.6 m center to center, were used to reinforce the backfill. The
walls were constructed back to back to support the elevated ramps. The back-to-back
walls were for the most part identica. At the instrumented section shown in Figure 24,
the reinforcement mats overlapped one another by up to 0.6 m, but they were staggered in
a way that prevented the mats from touching. The backfill soil was a nonplagtic, poorly
graded sand, with a dsp of 0.15 mm. Eleven to 14 percent of the materid passed the
0.075-mm deve. Soil shear drength was determined from partidly drained triaxid tests
on the backfill. The unit weight of the soil was messured through nuclear dendty tests
ingtu during wal condruction after compaction. Compaction was conducted with a
large vibratory roller, except that within 1 m of the face lighter weght, wak-behind plate
compactors were used. The target compaction level was 95 percent of standard proctor
(ASTM D 698). The foundation soil condsted of a least 10 m of Hiff sty clay. The
eendle drength (Fy = 550 MPa) and modulus (200,000 MPa) of the steel were based on
minimum specification requirements for the sted used.

Bonded eectricad resstance strain gauges were attached to the top and bottom of the
reinforcement a each measurement point to account for any bending stresses in the
reinforcemen. Only renforcement loads, converted from drain gauge readings,
induding their digribution aong the reinforcement, were reported (Sampaco, 1995).

Note that because of the back-to-back configuration, this wal represents a unique
condition regarding potentid dress leves in welded wire reinforced dructures. This is
because reinforcement dress levels have the potential to be reduced relative to sngle,
gand-aone wals (Elias and Christopher, 1997). Because of this, the Texas welded wire
wal was not included in the database used to develop and evduate the Simplified
Method. The data from this wall are presented separately, however, to show the effect of
placing wals back —to back.
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Figure 21. Houston, Texas, welded wire wall (adapted from Sampaco, 1995).
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FINDINGS

SUMMARY OF MEASURED RESULTS
Tables 4 through 6 provide a tabulated summary of the measured reinforcement

loads and drains for each of the case hitories described in the previous section.
Measured drains were not available for al of the case histories, such as when only the
resulting loads were reported. However, n dl cases, with the exception of the WES sed
grip test walls (Al-Hussaini and Perry, 1978), a modulus of 200,000 MPA was used to
convert dtrains to load. The measured loads for example case histories are plotted as a
function of depth below the wal tp (the wall top defined as the ground surface eevation
immediately behind the wal face) in Appendix A, Figures A-1 through A-27.
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Table4. Summary of measured reinforcement loads and strains for stedl gtrip reinforced

walls.
*M easured
Depth of Peak Peak
Height, [ Surcharge| Layer Below | Reinforcement | Reinfor cement | Reinfor cement
Case Description H Thickness,| Wall Top, Z Stiffness Strain Load, Tmax
(m) S(m) (m) (KN/m) (%) (kN/m)
SS1 6.0 0.0 19 48000 6.74]
6.0 0.0 26 48000 100
6.0 0.0 34 48000 9.82
6.0 0.0 41 48000 7.19
6.0 0.0 49 48000 119
6.0 0.0 5.6 48000, 753
SS2 6.1 0.0 0.6 63200, 384
6.1 0.0 19 63200 740
6.1 0.0 34 63200 20.8
6.1 0.0 50 63200 219
6.1 0.0 55 63200 6.85
SS3 3.66 0.0 09 18000 0.0207] 372
3.66 0.0 21 18000 0.0429 7.71
3.66 0.0 34 18000 0.0383 6.89
SS3, with 24 kPa Surcharge 3.66 13 0.9 18000 0.047 845
3.66 13 21 18000 0.0641 115
3.66 13 34 18000 0.0701 12.6
SS3, with 48 kPa Surcharge 3.66 2.6 0.9 18000 0.0679 122
3.66 2.6 21 18000 0.0804 145
3.66 2.6 34 18000 0.0981 176
SS3, with 72 kPa Surcharge 3.66 39 09 18000 0.084 151
3.66 39 21 18000 0.0914 164
3.66 39 34 18000 0.116 20.9
SA 7.3 0.0 2.7 79000, 122
7.3 0.0 34 79000 129
7.3 0.0 43 79000 16.1
7.3 0.0 51 79000, 149
7.3 0.0 59 79000, 16.7
7.3 0.0 6.6 79000 19.1
SS5 82 0.0 20 52700, 195
82 0.0 34 52700, 188
82 0.0 49 78500, 36.0
82 0.0 6.4 105000 270
8.2 0.0 7.1 129000 46.5
SSB, Section A 6.0 0.0 12 83400, 6.50
6.0 0.0 24 83400, 8.35
6.0 0.0 3.0 83400, 9.54]
6.0) 0.0 4.2 83400, 9.32

*|f reported in the literature.
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Table 4, continued.

*M easured
Depth of Peak Peak
Height, | Surcharge| Layer Below | Reinforcement | Reinforcement | Reinfor cement
Case Description H |Thickness,| Wall Top, Z Stiffness Strain Load, Tmax
(m) S(m) (m) (KN/m) (%) (KN/m)

SSB, Section B 6.0 0.0 12 83400, 8.46
6.0 0.0 24 83400, 9.54]

6.0 0.0 3.0 83400, 9.97

6.0 0.0 4.2 83400, 8.78

6.0 0.0 49 83400, 137

Ss7 120 10 11 80500, 11.0
120 10 4.1 80500, 25.6

120 10 6.4 80500, 40.2

120 10 8.6 120800 471

120 10 101 120800 50.7]

120 10 109 120800 425

120 10 116 120800 42.5

SS10 126 0.0 0.6 79000, 120
126 0.0 32 79000, 221

126 0.0 6.2 79000, 25.8

126 0.0 9.3 118000 36.8

126 0.0 123 118000 47.8

SS11 6.1 0 12 54800 0.029 159
6.1 0 2.7 54800 0.0316 17.3

6.1 0 5 54800 0.04 219

6.1 0 5.7, 54800 0.045 24.7

SS12 120 0.0 34 52700, 205
120 0.0 6.5 52700, 26.5

120 0.0 110 52700, 20.2

120 30 34 52700, 29.8

120 30 6.5 52700, 309

120 30 110 52700, 28.7

SS13 105 0.0 2.7 79000, 158
105 0.0 5.0 118000 24.0

105 0.0 7.2 118000 36.0

105 0.0 9.7 118000 46.0

SS14 105 0.0 2.7 79000, 17.8
105 0.0 5.0 79000, 26.9

105 0.0 7.2 79000, 337

105 0.0 9.7 118000 459

SS15 170 0.0 3.0 38095 213
170 0.0 6.0 38095 264

170 0.0 9.0 52632, 488

170 0.0 120 78431 57.6

170 0.0 15.0 105263 61.1

*|f reported in the literature.
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Table5. Summary of measured reinforcement loads and strains for bar mat reinforced

walls.
*M easured
Depth of Peak Peak
Height, [ Surcharge| Layer Below | Reinforcement | Reinfor cement | Reinfor cement
Case Description H Thickness,| Wall Top, Z Stiffness Strain Load, Tmax
(m) S(m) (m) (KN/m) (%) (kN/m)

BM1 6.1 0 0.9 66400 3.7
6.1 0 21 66400 176

6.1 0 34 66400 153

6.1 0 4.6 66400 189

6.1 0 5.8 66400 311

6.1 122 0.9 66400, 156

6.1 122 21 66400 17.8

6.1 122 34 66400, 136

6.1 122 4.6 66400, 239

6.1 122 5.8 66400] 36.2

BM2 4.3 0.0 0.91 66400, 1.67
4.3 0.0 213 66400, 814

4.3 0.0 3.35 66400 103

4.3 1.07 0.9 66400 121

4.3 1.07 213 66400, 120

4.3 1.07 3.35 66400] 17.6

BM3 6.1 0 12 37900, 0.018 6.82
6.1 0 2.7 37900, 0.025 947

6.1 0 4.2 37900, 0.0262 9.93

6.1 0 5 37900 0.039 148

6.1 0 5.7 37900 0.0279 10.6

BM4 6.1 0 2.7 37900 0.06 227
6.1 0 42 37900 0.055 20.8

6.1 0 5 37900 0.0648 246

6.1 0 5.7, 37900 0.0631 239

BM5 182 0.0 19 57300, 306
182 0.0 5.0 68700, 312

182 0.0 8.0 83300, 332

182 0.0 133 125000 58.6

182 0.0 164 166000 50.4]

*|f reported in the literature.
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Table 6. Summary of measured reinforcement loads and strains for welded wire

reinforced walls.
*M easured
Depth of Peak Peak
Height, [ Surcharge| Layer Below | Reinforcement | Reinfor cement | Reinfor cement
Case Description H Thickness,| Wall Top, Z Stiffness Strain Load, Tmax
(m) S(m) (m) (KN/m) (%) (kN/m)
Ww1 16.8 0.3 28 38600, 0.0386 149
16.8 0.3 55 60200 0.0396 239
16.8 0.3 79 60200 0.0455 274
16.8 0.3 10.1 81800 0.0453 371
16.8 0.3 124 81800, 0.0501 410
16.8 0.3 138 103000 0.0364] 37.6
16.8 0.3 151 103000 0.0293 30.3
Ww2 101 0.0 0.3 27300, 0.60
10.1 0.0 12 42600, 6.30
10.1 0.0 2.7 57800 16.3
10.1 0.0 43 73000 182
101 0.0 5.0 73000, 135
101 0.0 6.7 85200, 24.8
101 0.0 81 85200, 17.8
10.1 0.0 8.8 85200 8.50

*1f reported in the literature.

COMPARISON OF MEASURED RESULTSTO PREDICTION METHODS

To invedigate the accuracy and shortcomings of the various reinforcement load

prediction methods, reinforcement load and other measurements can be compared to

predictions. Conclusons can then be developed regarding the freedom and limitations of
these methods.
Note that for the comparisons that follow, reinforcement load measurements that

were known to be influenced by unusuad conditions and that aso appeared to be well out
of line with the pattern observed from the case history data were eiminated from the data
set used for the comparisons. The data points iminated included the following:

Wadl SS5, the bottom reinforcement layer measurement, because of excess

Settlement resulting from nonuniform soft ground conditions.

Wadl BM1, the bottom reinforcement layer messurement, because of excess
large differentid settlement from the front to the back of the wall.

Wal BM4, the top reinforcement layer measurement, because of the influence

of frost heave on the reinforcement stress.
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wdl WW2, the entire wadl, as the back-to-back configuration for this wal
could potentialy reduce the dresses in individua reinforcement layers. (The
data for this wal are provided in Figure A-27, which shows that the wal

reinforcement stresses are indeed lower than would be expected.)

However, these data points are shown in the plots provided in Appendix A. By sudying
these plots, the effect of influences such as dgnificant differentid settlement, frost heave,
and specid configurations such as back-to-back walls can be observed.

The prediction methods consdered include the Coherent Gravity, the FHWA
Structure Stiffness, and the Smplified methods, al of which are used for sted reinforced
MSE wadl sysems. The Tieback Wedge Method is typicaly only used for geosynthetic
reinforced sysems and for dl practica purposes is identicd to the Smplified Method for
geosynthetics.  Therefore, the Tieback Wedge Method will not be discussed further here,
since the focus of this paper is sted reinforced systems.

All of these methods have inherent assumptions, but they have adso been adjusted to
predict empiricd measurements obtained from full-scale and reduced scale wals.  The

assumptionsthat al these methods have in common are asfollows:

The soil reinforcement dress is indexed through laterd earth pressure coefficients to
the peak soil shear strength.

Limited equilibrium conditions are assumed in that the soil shearing resgance is fully
mobilized. However, reinforcement stresses may be adjusted from this for working
stress conditions based on empirica reinforcement stress data.

The soil reinforcement is treated as a tieback in tha the reinforcement stress is equd
to the latera soil dress over the tributary area of the reinforcement. A laterad earth
pressure coefficient that varies with depth below the wal top is used to convert
vetica dress to laerd soil dress.  Each reinforcement must maintain  horizontal
equilibrium with the applied latera soil dtresses. The use of the pesk friction angle
and K, or K, in these methods, combined with cdculation of the reinforcement stress
usng this horizontd equilibrium, implies that the renforcement dress is directly
related to the soil state of stress.



Granular soil conditions are assumed. The presence of soil coheson cannot be taken
directly into account using these methods.

Wal facing type and rigidity, as wel as toe redraint, are assumed to have no effect
on the resulting soil reinforcement stresses (or a leadt, they are not directly taken into

account).

The various methods dso use assumptions and empirical adjusments that are not
common to dl the methods. The assumptions and empiricd adjusments not common to
al the methods are as follows.

For the Coherent Gravity Method, the reinforced backfill zone is assumed interndly
and externaly to behave as a rigid body capable of transmitting overturning stresses,
thereby increesng the verticd dress acting a each reinforcement levd. This is
adapted from the work by Meyerhof (1953) for pressures beneath rigid concrete
footings. This in turn increases the laterd dress the reinforcement must carry, as the
lateral dress is assumed to be directly proportiond to the verticd sress through a
latera eath pressure coefficient. The Smplified and FHWA Structure Stiffness
methods assume that only gravity forces (no overturning) contribute to the vertica
S0l stress.

The Coherent Gravity Method assumes that the laterd earth pressure coefficients K,
and K, can be used directly to trandate vertical stress to laterd dress for calculating
reinforcement stresses and that the reinforcement type, dendty, and diffness have no
influence on the laterd dress carried by the reinforcement. On the other hand, the
FHWA Structure Stiffness and Simplified methods empiricdly adjus K, for the
vaious reinforcement types and/or diffnessess The FHWA  Structure  Stiffness
Method adjusts the laterd earth pressure coefficient for both the reinforcement type
and globd diffness of the reinforcement in the wal, whereas the Smplified Method
only adjusts the lateral earth pressure coefficient for the reinforcement type.

All of the methods assume that the laterd earth pressure coefficient is & maximum
near the top of the reinforced soil mass and decreases with depth below that point.
However, whereas the Coherent Gravity Method assumes that this decrease begins
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where the theoreticad failure surface intersects the soil surface, the FHWA Structure
Stiffness and Simplified methods assume that this decrease begins where the ground
surface intersects the back of the structurd wadl face (see Figure 3). This is only an

issue where doping soil surcharges are present.

To evduae the differences and commondities of these methods discussed above,
comparisons were made and evauaed in terms of the soil reinforcement type the
backfill soil shear strength, the effect of soil surcharge, the degree of compaction, and the
effect of overturning dresses on the verticd dresses in the wal. From these
comparisons, generd conclusons were drawn as to the limitations and usability of the

various methods.

Comparison of the Prediction Methods to Measured Behavior--General
Observations
Figures A-1 through A-27 in Appendix A show the predicted reinforcement loads as

a function of depth below the wal top. These were determined with the various
prediction methods described herein, dlowing direct comparison to the measured
reinforcement loads. The measured triaxid or direct shear soil friction angle was used
for these predictions rather than an estimated plane drain soil friction angle or a condant
volume friction angle, as current desgn specifications (AASHTO, 1999) refer to direct
sher or triaxid shear drength for use with these methods.  Though there is a
condderable amount of scatter in the measured results relative to the predicted
reinforcement loads, the following generd trends can be observed:

All of the methods provide predictions that are close, except when a sgnificant
soil surcharge is present. In that case, the Coherent Gravity Method consstently
provides lower predicted loads than the other two methods in the upper haf of
the wal, but more closdly agrees with the other two methods in the lower hdf of
thewall.

If the measured reinforcement loads are significantly different than the predicted
loads, al methods tend to err on the same side rdlative to the measured |oads.

46



In generd, reinforcement stresses increase as a function of depth beow the wal
top, but whether that increase is linear as assumed in design, especidly near the
base of thewadll, is not clear from the measurements.

Effect of Soil Reinforcement Type

Table 7 and figures 22 through 27 provide an overdl view of how well each method
predicts reinforcement stresses for sted dtrip and bar mat reinforcement, for dl granular
backfills. Since only one well defined case history was avalable for welded wire MSE
wadllsthe welded wire wal was grouped with the bar mat walls because of their smilar
reinforcement dructure.  Table 7 summarizes a datidicd andyss of the ratio of the
predicted to measured loads for each method for each wall reinforcement type. A normd
digribution was assumed. This information suggests that the Smplified Method provides
the best prediction, on average, of the reinforcement loads for sted drip reinforced walls,
while the Coherent Gravity and FHWA Structure Stiffness methods tend to underestimate
the reinforcement loads, on average. Though the FHWA Structure Stiffness Method
appears to under-predict the reinforcement loads for sted grip reinforced wals, it dso
has alower coefficient of variation, indicating adightly tighter distribution of the data

The Coherent Gravity Method tends to predict the lowest reinforcement loads of the
three methods for bar mat and welded wire reinforced wadls, with the FHWA Structure
Stiffness Method providing the most conservetive prediction, and the Smplified Method
being in between the two. Note that the scatter in the data for the bar mat wadlls is a little
greater for the Coherent Gravity Method than for the other two methods. Furthermore, a
visua comparison of Figure 25 to figures 26 and 27reveds that the mgority of the data
points for the Coherent Gravity Method are below the 1:1 correspondence line, indicating
that the Coherent Gravity Method tends to under-predict reinforcement stresses for bar
mat and welded wire sysems. Overdl, the Smplified Method and the FHWA Structure
Stiffness Method produce a prediction that is dightly conservative, whereas the Coherent
Gravity Method produces a prediction that is dightly nonconservative.
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Table 7.

Summary of the average and coefficient of variation for the ratio of the

predicted to messured reinforcement loads, assuming a normd digtribution, for each
prediction method for al granular backfill soils.

Ratio: Predicted/Measured Reinforcement Load

MSE wall Coherent Gravity FHWA Structure
Reinfor cement M ethod Stiffness M ethod Simplified M ethod
Type (#of Walls) | Average COV Aver age COoV Aver age COoV
Sted Strip (14) 0.88 49.2% 0.87 43.6% 0.96 50.2%
Sted Bar Mat Only 1.02 45.7% 154 41.7% 1.34 42.6%
©)
Sted Bar Mat and 0.93 49.3% 1.40 45.9% 1.20 48.2%
welded wire (6)
All Wdls Combined 0.90 49.5% 1.05 51.7% 1.04 50.7%
(20)
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For al the methods, the reinforcement stresses in the welded wire-faced welded wire
wdl (WW1) were dgnificantly under-predicted (figures 31 to 33). The reinforcement
sresses in both welded wire wall WW1 and the back-to-back welded wire wall (WW2,
which had a precast concrete pand facing) are shown in figures A-26 and A-27 in
Appendix A. Figure A-27 shows, in contrast to WW1 in Figure A-26, that the
reinforcement stresses in WW2 tended to be over-predicted by two of the three methods.
These two case hidories may be demondraing the effect of facing rigidity on
reinforcement stresses and the effect of the back-to-back configuration, though some of
the difference may be due to differences in the soil shear strength for the two wal cases
(see discussion in next section). This facing rigidity effect has been observed by others,
a least for geosynthetic reinforced systems (Bathurst et d., 2000). Given that there could
be severa dgnificant reasons beyond the scope of this peper for the difference in the
ability of these cdculation methods to predict the reinforcement stresses in WW2
further evaluation of thiswall is not provided.
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Effect of Backfill Soil Shear Strength

Table 8 is smilar to Table 7, but it shows a comparison between the average ratio of
predicted to measured reinforcement loads and coefficients of variation for walls with
backfill soil friction angles of 40° or less and those with backfill soil friction angles of
over 40°. The friction angles referred to here are from triaxial or direct shear testing.
The data sets for the sted drip entry in this table for the Smplified Method are shown in
figures 28 and 29. Additiond data for the bar mat and welded wire wadls above and
bdow a soil friction angle of 40° is provided in figures 30 and 31. What becomes
immediately obvious is tha dl of the methods tend to dgnificantly under-predict the
reinforcement loads when the soil backfill shear strength exceeds 40°. Average ratios of
predicted to measured reinforcement loads for sted srip walls range from 0.63 to 0.69
for dl three methods, and dl three methods exhibit rather poor predictions in terms of
data scatter, with the coefficient of variation being approximately twice that of the dataset
for soil friction angles of 40° or less. When the backfill shear strength is 40° or less, all
of the methods produce a reasonably accurate prediction, if not dightly conservative. Of
the three methods, the Simplified Method produced the most conservative prediction,
though the differences among dl three methods are redly quite smdl for soil friction
angles at or below 40°.

Table 8. Effect of wal backfill soil friction angle on the bias and data scatter regarding
MSE wall reinforcement load prediction.

MSE Wall Backfill Ratio: Predicted/M easured Reinfor cement L oad
Reinforcement Soil Coherent Gravity | FHWA Structure

Type (# of Friction M ethod StiffnessMethod | Simplified Method

Walls) Angle | Average| COV | Average| COV | Average| COV

Stedl Strip (9) <40° 1.02 36.0% 0.97 33.5% 1.10 35.3%
Sted Strip (5) > 40° 0.63 72.9% 0.69 59.4% 0.69 76.0%
All wdlls (12) <40° 1.05 37.3% 1.11 41.4% 1.17 37.0%
All walls (9) > 40° 0.70 61.8% 0.97 64.7% 0.88 67.6%

For sed reinforced MSE wdl systems a working stress conditions, it is unlikely
that enough dran can occur in the soil to fully mobilize the soil shear drength,
particularly since for most granular soils, 2 to 5 percent drain is required to reach the
pesk shear dress for the soil, and sted reinforcement will only srain on the order of a
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few tenths of a percent strain. The sted reinforcement prevents the necessary soil dtrain
from deveoping. Indbility to fully mobilize soil shear drength a working dress
conditions in sted reinforced MSE wals has long been recognized (Mitchdl and Villet,
1987). Furthermore, the use of the pesk friction angle and K, or K, in these methods
implies that the reinforcement dress is directly rdated to the soil date of dress.  This
may not be the case.

How do these observations affect the vdidity of the assumption that the pesk soil
friction angle can be used for desgn, dnce dl currently avalable methods use this
assumption? It must be recognized that the soil parameter that best characterizes the soil
response at working stress conditions is the soil modulus. At working stress conditions,
the amount of dress caried by the reinforcement will depend on the diffness of the
reinforcement reative to the soil diffness, if the soil shear dtrength is not fully mobilized.
The differ the reinforcement reative to the soil modulus, the more load the reinforcement
will attract. However, accurately estimating the soil modulus is not a smple task, and at
this point it has generdly been reserved as part of a research activity, for example, to
perform finite dement modding of MSE wadls.  For this reason, a semi-empirica
goproach usng measurements from full-scale wals has been taken to modify the limit
equilibrium approach to more accurately reflect working siress conditions. This gpproach
uses s0il parameters such as the pesk soil friction angle that are readily avalable to
desgners. Because the active or at-rest earth pressure coefficient is being used to index
the laterd soil dress carried by the reinforcement to the soil properties, the key issue is
how smilar the soil response characterization based on the laterd earth pressure
coefficient is to the variaion of the soil modulus for the range of oils typicaly
encountered.

The results plotted in figures 28 through 31 and summarized in Table 8 suggest that
as long as the soil friction angle is approximatdy 40° or less, the use of the pesk soil
friction angle in lieu of the soil modulus is sufficiently accurate for practical estimation of
reinforcement loads for dl three methods. This aso means that these methods should not
be used with a design pesk oil friction angle of higher than 40°, or reinforcement load
under-prediction could result. This is a limitation of dl three methods that must be
recognized for stedl reinforced MSE walls.
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Figure 30. Simplified Method predicted load versus measured reinforcement pesk load
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Effect of Soil Surcharge above the Wall

Regarding the effectiveness of these methods to predict reinforcement loads when
ggnificant soil surcharges are present, al three methods show a ggnificant drop in the
ratio of the predicted to measured reinforcement load, as shown in Table 9. All three
methods exhibit a smilar amount of drop in the predicted to measured einforcement load
when a soil surcharge is applied. However, only the Coherent Gravity Method drops
enough to provide a nonconservative prediction of reinforcement load. Figures A14, A
20, and A-22 show that the soil surcharge causes the grestest increase in reinforcement
dress in the upper hdf of the wdls. Though the presence of the surcharge should
increese the overturning dress, thereby increasing the verticd and laterd dtress acting
within the wal mass in the Coherent Gravity Method, the K, — K4 curve for determining
the laterd dress coefficient begins where the falure surface intersects the doping soil
asurcharge rather than a the wal face. This causes the laterd dStress coefficient to be
lower reative the laterd dress coefficient cadculated from the other methods, which
likely contributes to the tendency of the Coherent Gravity Method to under-predict the
renforcement loads relative to the other methods when a dgnificant soil surcharge is
present.

Table 9. Comparison of soil surcharge effects on the bias and data scatter regarding MSE
wall reinforcement load prediction.

MSE wall Ratio: Predicted/M easured Reinforcement L oad
Reinforcement | Soil Sur- | Coherent Gravity FHWA Structure
Type (# of charge Method StiffnessMethod | Simplified M ethod
Walls) Present? [ Average| COV [ Average| COV | Average| COV
All walls (3) No 1.10 53.1% 1.55 58.2% 144 55.4%
All wdls (3) Yes 0.86 45.8% 1.30 25.2% 1.23 40.8%

Effect of Compaction Stresses

Table 10 and figures 32 and 33 adlow a comparison of wals that were compacted
“lightly” to wals that were compacted in accordance with typica condruction practice.
For this andyss, “light” compection is defined as compaction with light weight
compactors or spreading equipment only, and no atempt is made to achieve typica target

backfill dengties (e.g., 95 percent of Standard or Modified Proctor). This is typicdly the
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cae for test wadls. Typica condruction practice (termed “heavy” compaction in the
figures and table) for wal backfill compaction is defined as compaction with moderate to
large vibratory rollers, except light weight compactors near the wal face, where typica
target backfill dengties to meet contract requirements are achieved. Only the sted dirip
Therefore,
this comparison is limited to sted drip reinforced wals  Furthermore, since dl of the
walls that were constructed with light compaction had backfill soil shear strengths of 40°
or less, the light compaction wal case histories are only compared to case hisory walls
that were congtructed with conventional compaction and had backfill shear drengths of
40° or less. Though it could be argued that heavy compaction could result in backfill
shear strengths well in excess of 40°, the potentid underestimate in reinforcement loads
that could compaction effects  would
overshadowed by the soil shear strength effects mentioned previoudy. Therefore, to keep

wal data provided enough wal cases with and without heavy compaction.

reult from inadequate congderation of

the comparison as pure as possble only sed srip MSE wal case histories with soil
shear strengths of 40° or less are considered.

Table 10. Comparison of compaction effects on the bias and data scatter regarding MSE
wall reinforcement load prediction (sted trip reinforced walls, backfill phi of 40° or
less).

Degree Ratio: Predicted/M easured Reinforcement L cad
M SE Wall of Coherent Gravity FHWA Structure
Reinforcement | Backfill M ethod StiffnessMethod | Simplified Method
Type (# of Compac-
Walls) tion | Average| COV | Average| COV | Average| COV
Stedl Strip (4) Light 1.01 37.0% 0.93 34.2% 1.04 37.6%
Sted Strip (6) Heavy 1.07 36.4% 1.04 34.3% 1.19 35.5%

The scatter in the avalable data in Table 10 and figures 32 and 33 show that the
overdl effect of compaction on the prediction accuracy of al three methods is smdl. .
All three methods ae dightly less conservative on average for lightly compacted
backfills relaive to heavily compacted backfills. Previous research has shown that
compaction of soil on the reinforcement tends to cause compaction stresses to develop
within the reinforcement (Ehrlich and Mitchdl, 1994). This not only &ffects the dress
levd in the reinforcement, but it dso may affect the soil modulus and the soil friction
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angle.  None of the methods mentioned in this paper directly accounts for compaction
effects from a theoreticd standpoint, but each does atempt to take them into account
generdly through the empiricaly derived laterd stress coefficient K.

The empiricd adjusments to the lateral stress coefficient attempt to address this
theoreticd deficiency, gpparently alowing the prediction methods to not be sgnificantly
affected by the degree of compaction, even though, theoreticdly, the degree of
compaction should have a dgnificant effect on the reinforcement stresses. It gppears that
al three methods adequatdy account for the effect of compaction stresses on the soil
reinforcement loads, and none of the methods has a clear advantage over the other
methods on thisissue.
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Figure 32. Simplified Method predicted load versus measured reinforcement pesk load
for sted dtrip reinforced MSE walls, with phi of 40° or less and light compaction.
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Figure 33. Simplified Method predicted load versus measured reinforcement pesk load
for sted strip reinforced M SE walls, with phi of 40° or less and heavy compaction.

Effect of Overturning Stresses on Vertical Stresseswithin the Wall

Is the reinforced soil mass rigid enough to transmit overturning forces caused by
externdly applied forces to the interior of the reinforced soil mass , thereby increasing
the vertica dress acting a any levd within the wal mass? The Coherent Gravity
Method makes the assumption that it is rigid enough, whereas the other two methods do
not. If this asumption is valid, it should be possble to observe verticd dresses that are
consstently greater than what would result from gravity forces done (i.e, gZ). For most
wadls desgned and built to date, this overturning dress assumption has only a minor
effect on vertica sresses (on the order of a 10 to 20 percent difference). The difference
can be more dgnificant for walls with very seep doping soil surcharges, very narrow
base width walls, or very poor backfill soils behind the reinforced soil zone. However,
the latter two of these cases are rarely seen in practice and would be a violation of the
other provisons in the AASHTO desgn specifications (AASHTO, 1996).  This
assessment, of course, assumes that this theoreticd assumption is vaid.  Furthermore, if
narrow base width is an issue that affects vertical dress at the base of MSE walls, then it
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would follow that lengthening the wal reinforcement a the base would decrease the
vertical dresses a the wal base.  Regading the soil surcharge issue, however, the
increase in vertical dress due to overturning effects is more than compensated for by the
reduction in the laterd earth pressure coefficient in the Coherent Gravity Method. This is
because K, decreases rdative to the intersection of the falure surface with the soil
surcharge surface, rather than being referenced to the top of the wall at the face as is true
of the other two methods (see Figure 3).

Figures 34 through 38 show the measured verticd sStresses obtained from severd of
the wall case histories as measured at the base of the wall. Siresses from sted reinforced
wals and geosynthetic reinforced wadls ae shown.  Fgures 34 (ded) and 36
(geosynthetic) are normdized to vertica stresses on the basis of gravity forces dore (i.e,
the FHWA Structure Stiffness Method and the Simplified Method), whereas Figure 35
(sted) is normalized to verticd dresses that include the increases caused by overturning
effects (i.e, the Coherent Gravity Method). The stresses measured beneath the sted
reinforced walls include wadls with a narow base width but do not include wadls with
sgnificant soil surcharges above them because of the lack of availability of such cases for
ded MSE wadls. To evduate sresses beneath walls with sgnificant soil surcharges, only
geosynthetic wall case histories were available.

The scater in the verticd dress data is dgnificant. This is typicd of soil dtress
measurements, as such measurements are highly dependent on how the dress cdls are
inddled, how wel the modulus of the dress cdl versus that of the surrounding soil is
mantained, and the adequacy of the cdibration.  The typicd vaiance on such
measurements is on the order of 20 percent. However, even with this possble variance,
some trends can be observed.

Though there is gpparently a zone behind the wal where the stresses at the base of
the wdl are higher than would be predicted from gravity forces aone, accounting for the
overturning moment (as is done in the Coherent Gravity Method) does not eiminate that
problem (compare figures 34 and 35 for sted reinforced walls). Furthermore, if the wal
mass should be trested interndly as a rigid body, then wals with a very narrow base
width should be more affected by the overturning moment then wadls with a more
conventiond base width. The Bourron Marlotte sted srip MSE wadls are a good
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example of this (see Figure 16 for a typicad cross-section). As shown in figures 34 and
35, accounting for the overturning moment appears to over-predict the vertical Stresses
beneath the wall. Therefore, the overturning assumption appears to be too conservative,
paticularly for the Bourron Marlotte wals and more generdly for the other sted MSE
wadll data shown in the figures.

The verticad dress data from the geosynthetic wal case histories dso demondrate
that overturning stress may not contribute sgnificantly to vertica dress within the wall.
The detalls of these geosynthetic wall cases are not reported here, but they may be found
in their respective references (Berg e d., 1986; Bathurst et d., 1993(a); Bathurst et d.,
1993(b), Allen e d., 1992). Some of these geosynthetic wall cases for which verticd
dress data are provided do have sgnificant soil surcharges on them, and therefore, should
have larger overturning stresses on them than walls without Sgnificant soil surcharges on
them (a least theoreticdly, if the Meyerhof (1953) approach is vdid for MSE walls)..
Figure 36 shows that for the geosynthetic walls, vertical stresses are in generd less than
or equa to gravity forces without overturning effects In generd, the geosynthetic wall
cases do not conggtently exhibit as much of a peak in the vertical stresses behind the wall
face as do the sted reinforced MSE wal cases. This may be the result of the difference
in the flexibility of sted reinforced versus geosynthetic reinforced wal sysems.

Furthermore, figures 37 and 38 show plots of the peak verticd stresses in each wall
as a function of the ratio of the theoretica (caculated) vertica dress with overturning
effect to the vertica dress without overturning effect.  If overturning stresses influence
the verticd dress within the wal mass (based on the Meyerhof (1953) rigid body
assumption), there should be a generd trend of increasing normdized pesk vertica dress
with an increase in the ratio of the caculaied verticd dtress with overturning effects to
the verticd dress without overturning effects.  As shown in figures 37 and 38, no such
trend can be observed for ether the sted reinforced wals or the geosynthetic reinforced
wadls.

Given dl this, overturning stresses gpparently do not contribute to vertica dress as
much as originadly assumed, if a dl. This does not mean, however, that the properties of
the soil behind the reinforced soil zone have no effect on the vertical and laterd Stresses

within the reinforced soil mass. Indeed, it is more likdy that some overturning stresses
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are being transmitted into the reinforced soil zone, depending on the reinforcement and
soil giffness, but not to the degree assumed by the Coherent Gravity Method. It must be
recognized that the origind work performed by Meyerhof (1953) was on a rigid metd
plate modd footing. His work showed that because the soil is not nearly as diff as the
footing, the soil is not capable of carrying high pesk forces a the toe of the footing.
Instead, the overturning dtresses benegth the footing will redistribute  themsdlves in
accordance with the soil’s ability to carry those dresses. It is from this finding that the
equivdent rectangular bearing dress didribution was born, the issue being the soil’s
rigidity benesth a rigid foundetion dement. For MSE wals, the equivdent “footing” is
not rigid a al, so pefect trangmisson of overturning stresses would definitdly not be
expected.

What then is the cause of the higher stresses that appear to occur in a narrow zone
just behind the back of the wall face? Christopher (1993) concluded that at least in some
cases this increase in vertica dresses is due to downdrag forces on the back of the wall
facing. If this is the case it is possble that the wrong theoreticd assumption is being
used to account for the phenomenon of increased dresses.  Given that one method
assumes full overturning effects while the other two methods assume no overturning
effects, yet dl the methods have a smilar level of accuracy, this issue does not gppear to
be terribly critica to producing estimates of reinforcement stress with adequiate accuracy .
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BASISFOR AND FINAL DEVELOPMENT OF THE SIMPLIFIED METHOD

As discussed previoudy, the deveopment of the Simplified Method began as an
attempt to combine the best features of the Coherent Gravity and FHWA Structure
Stiffness methods into a unified but smple method to predict reinforcement sresses in
MSE wadls. To accomplish this, an evaduation of the various theoretical assumptions, as

well as of the overdl predictive accuracy of the two methods relative to the proposed
Smplified Method and the measured results from a number of full-scdle MSE wall case
higtories, was conducted as described in the previous section. On the bass of that
evauation, the following can be concluded:

In generd, the accuracy of the Smplified Method's predictions is smilar to that
of the other two methods (see Table 7 and figures 22 through 27).

The application of the Meyerhof (1953) rigid body assumption to the caculation
of vertica dress within the reinforced soil mass appears to be conservative, and
the judification to use this assumption from a theoreticd viewpoint is
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questionable, since the reinforced soil mass is very flexible The vdidity of this
assumption has been evauated relative to messured vertical Stresses beneath
MSE wadls for wadls with very narow base widths wals with high soil
aurcharges, relaively tal wals and more typicd wal geomeries  This
assumption has dso been evaduated in terms of its effect on the measured stresses
in the renforcement. In light of both evauations, removing this overturning
dress assumption from the caculation method does not gppear to compromise
the predictive accuracy of the Smplified Method.

Though the effect of the reinforcement type and giffness on the reinforcement
loads is more fully teken into account usng the FHWA Structure Stiffness
Method, the smplification of by a sngle K,/K, curve for each reinforcement type
gopears to provide prediction accuracy that is smilar to that of the other
methods.  Figures 39 through 42 show the messured reinforcement data,
presented as K, /K, ratios, rdative to the Smplified Method K,/K, curves. For
ded drip reinforcement, especidly when only the data for a backfill phi of
approximatdly 40° or less are consdered, the Smplified Method K,/K, curve
appears to provide a sufficiently accurate match to the data (see figures 39 and
40). For bar mat and welded wire walls, the paucity of data and the scatter in the
data make an assessment of the accuracy of the Smplified Method K,/K 5 curve
more difficult, but this data limitation applies to the other prediction methods as
well. Because of the paucity of data, some consarvatism in locating the K, /K4
curve for the Smplified Method was thought to be warranted. Hence, the bar
mat and welded wire reinforcement types were grouped together regarding the
K/Ka curve for the Smplified Method, which is consgent with the gpproach
used by the FHWA Structure Stiffness Method, and were set higher than the
K/Ka curve for ged drip reinforcements because of the observed trend of
generdly higher reinforcement stresses for bar mat and welded wire reinforced
wals. Though it could possbly be argued that for bar mat walls the K./K4 curve
could be st a little lower near the wal top, to 2.0 rather than 2.5, the paucity and
scatter of the data influenced the authors and the AASHTO TWG involved with
the devdopment of this method to set the K,/K, curve to be the same as for
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welded wire wals. As more full-scde measurements on bar mat and welded
wire wals, combined with good backfill soil property data, become available, it
is certainly possble that the K,/K, curve for these two reinforcement types will
need to be lowered.

The database of full-scde MSE wal reinforcement load measurements used for
the Smplified Method is larger and more current than that used for the other two
methods. Though it is a rdativey new method, it is & least as wdl judified
empiricdly as the other two methods, and the smplifications proposed do not
appear to compromise the Simplified Method's accuracy. The database of full-
scde wadls includes wdls with and without sgnificant soil surcharges, narrow
and wide base-width wadls, wadls with trapezoida cross-sections, tal walls up to
18 m high, wdls with a wide range of reinforcement coverage ratios, and walls
with a variety of soil shear drengths Therefore, the Smplified Method is vaid
empiricdly for walls that fit within these parameters.  This does not mean that
the Smplified Method cannot be extrapolated to walls that do not fit within these
parameters (e.g., wals taler than 18 m). But extrgpolation to wals that are
beyond the range of wadls that are part of the empirica bass for this and the
other two methods should be done with caution, and more refined anayses may
be needed.

It is recommended that wals designed with the Smplified Method, as wel as the
other methods evduated in the paper, use a desgn soil friction angle of not
greater than 40° for sted reinforced MSE wals, even if the measured soil friction
angleis greater than 40°.

Only one cae higory did not have an incrementa concrete pand facing.
Therefore, the accuracy of this method, as wel as the other methods with flexible
facings, is not wel known, and some judgment may be needed to apply the
Smplified and other methods to walls with flexible facings.
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CONCLUSIONS

All of the methods (i.e, the Coherent Gravity, Smplified, and FHWA Structure
Stiffness methods) that have been included in design codes to date have, for the most
part, the same theoretica deficiencies, and empirica adjusments were made to each of
the methods to account for those deficiencies. Extrgpolating these empiricaly adjusted
methods to wall design dtuations that are significantly beyond the cases for which they
have been evauated must be done with caution. This paper provides detals of the case
histories and data used to provide empirica support for each of these methods. At this
point, & least until a more theoreticdly sound yet practicd method becomes avalable
and accepted, the most important test for a method such as the Simplified Method is how
wel it predicts the dress levels in the reinforcement reative to full-scde MSE wal
empirical data. On the bass of the comparison of the prediction methods to the measured
data presented and discussed previoudy, the Smplified Method appears to meet that test.
This is not to say that the other methods mentioned in this paper are invaid or should not
be used. As has been demondrated, al of these methods tend to produce similar
reinforcement load levd predictions.  However, the Smplified Method should be
considered an update of the other methods, and it is the smplest and easest to use of the
methods investigated in this paper.

For future development and improvement of design methods used to determine MSE
wall reinforcement loads, the following areas should be addressed:

Develop a better yet practicd method of characterizing the soil properties needed
to predict reinforcement loads under working stress conditions, especidly for
high strength backfill soils with apeak phi of over 40°.

Limit equilibrium concepts are currently mixed with empiricd adjusments to
predict working loads. As design codes move toward Load and Resistance
Factor Desgn (LRFD), this combined limit dtate approach will no longer be
usable. The design gpproach needs to be purified so that working stress concepts
are used for the working stress design, and limit equilibrium concepts are used
for ultimate limit Sate design.
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The effect of wall toe restrant and facing diffness needs to be determined and
directly accounted for in the wall reinforcement design.
The effect of backfill compaction on the working stress soil behavior and the
resulting reinforcement loads must be better addressed.

More ingrumented bar mat wals and welded wire walls are needed, as are wdls
with flexible facings to provide a better empirical basis for these types of wals.
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APPENDIX A

MEASURED REINFORCEMENT STRESSLEVELSIN STEEL
REINFORCED MSE WALLS

A-1



A-2



—— Measured Load

- - -0- - - Coherent Gravity

Depth Below Wall Top, Z (m)
N

Method
5 -
.\EI - - -O- - - Simplified Method
6 -
- - -A- - - FHWA Structure
;. Stiffness Method
8 T T T T T T T ' '

0 2 4 6 8 10 12 14 16 18 20
Tmax (KN/m)

Figure A-1. Predicted and measured reinforcement peak loads for Lille, France, sed
grip reinforced wall (SS1).
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Fgure A-2. Predicted and measured reinforcement pesk loads for UCLA sed dirip
reinforced test wall (SS2).
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Figure A-3. Predicted and measured reinforcement pesk loads for WES sed srip

reinforced test wal, with no surcharge (SS3).
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Fgure A-4. Predicted and measured reinforcement pesk loads for WES sed dtrip

reinforced test wall, with 24 kPa surcharge (SS3).
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reinforced test wall, with 48 kPa surcharge (SS3).
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Fgure A-7. Predicted and measured reinforcement peek loads for Fremersdorf,
Germany, sted dirip reinforced wall (S4).
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Figure A-8. Predicted and messured reinforcement pesk loads for Waltham Cross sted
gtrip reinforced wall (SSb).
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Figure A-9. Predicted and measured reinforcement peak loads for Guildford Bypass stedl

grip reinforced wall, Section A (S56).
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Fgure A-10. Predicted and measured reinforcement pesk loads for Guildford Bypass

gted grip reinforced wall, Section B (SS6).
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Figure A-11. Predicted and measured reinforcement peek loads for Asahigaoka, Japan,
ged srip reinforced wall (SS7).
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Figure A-12. Predicted and measured reinforcement peak loads for Ngauranga, New
Zedand, stedl gtrip reinforced wall (SS10).
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Figure A-13. Predicted and measured reinforcement pesk loads for Gjovik, Norway,
sted gtrip reinforced wall, without surcharge (SS12).
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Figure A-14. Predicted and measured reinforcement peak loads for

ged srip reinforced wal, with surcharge (SS12).
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Figure A-15. Predicted and measured reinforcement pesk loads for Bouron Marlotte
sted strip reinforced wall, rectangular section (SS13).
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Fgure A-16. Predicted and measured reinforcement pesk loads for Bouron Marlotte
sted gtrip reinforced wall, trapezoidal section (SS14).
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Figure A-17. Predicted and neasured reinforcement pesk loads for Algonquin sted gtrip
reinforced wall (SS11).
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Figure A-18. Predicted and measured reinforcement pesk loads for INDOT Minnow
Creek sted dtrip reinforced wall (SS15).
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Figure A-19. Predicted and measured reinforcement pesk loads for Hayward bar mat
wall, Section 1, no soil surcharge (BM1).
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Fgure A-20. Predicted and measured reinforcement pesk loads for Hayward bar mat
wall, Section 1, with soil surcharge (BM1).
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Fgure A-21. Predicted and measured reinforcement pesk loads for Hayward bar mat
reinforced wall, Section 2, no surcharge (BM2).
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Fgure A-22. Predicted and measured reinforcement pesk loads for Hayward bar mat
reinforced wall, Section 2, with surcharge (BM2).
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Figure A-23. Predicted and measured reinforcement pesk loads for Algonquin sand
backfill bar mat reinforced wall (BM3).
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Fgure A-24. Predicted and measured reinforcement pesk loads for Algonquin st
backfill bar mat reinforced wall (BM4).
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Figure A-25. Predicted and messured reinforcement pesk loads for Cloverdale,
Cdifornia, bar mat reinforced wall (BMD5).
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Figure A-26. Predicted and measured reinforcement pesk loads for Rainier Avenue,
Washington, welded wire wal (WW1).
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Fgure A-27. Predicted and measured reinforcement pesk loads for Texas welded wire
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